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ABSTRACT

A recent review of nuclear groundshock test data revealed oecillatory motions
of undetermined origin, but of sufficient magnitude to be of concern in the
design of shock isolation systems for underground protective structures.
Response spectra of the oscillations exhibited amplification ratios far
exceeding those employed in most groundshock prediction methods, the ratios
being functions of the number of oscillations, and the amplitude and period of
each cycle. As the source of the oscillations was not identified, there vas
no rational basis for relating these waveform parameters to such basic site
and weapon conditions as yield, range, geologic structure and properties of
the medium. In this investigation, two possible sources of the oscillatory
motion are examined. First, the propagation of waves in s stratified site

are studied and their direct{ons and phase relationships estimated by use cf
wavefront diagrams and time-distance curves. Second, the form end strength of
Rayleigh waves in an elastic, homogensous half-space wuich res it from surface
pressure distributions similar to those generated by nuclear bursts were
calculated. In both cases, oscillatory phenomens can be predicted and certain
features related te the observed oscillations. However, the simple spproaches
enployed in this analysis will not yield realistic wave strengths and thus,
the composite vaveform at a point in the half-space cannot be determined
quantitatively.

(DISTRIBUTION LIMITATION STATEMENT NO. 2)
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1. IRTRODUCTION.

A. Background. For the past several years, considerable attention
has been focused on various aspects of the design of shock isolation
systems for use in underg.ound protective structures. A better definition
of the groundshock, of course, has been the goal of numerous studies of
weapons effects, both from the theoretical approach and Jrom continued
efforts to extract more detailed information from the limited number of
nu:lear test data. PBetween the frec field ground motion end the imput to
the shock isolation system lies a capsule or cther enclosing structure,
and its dynamic response to the groundshock defines the nature and strength
of the shock from which equipment and personnel must be protected. Here
again, both theory and experiment are being employed to evaluate the inter-
actions and to formulate design procedures.

The analysis of the shock isolation system itself as an elastically sup-
ported rigid body baving six degrees-of-freedom has been the subject of
innumerable studies; although, in fact, msthods for treating such problems,
both linear and nonlinear have been well established for soms time. In
this case thes objective has bec: more one of familiarizing the designer
vith available techniques than of devsloping nev ones. Similarly, the
feasibility of a wide variety of shock isolation devices, geaerally bam
on adaptstions of existing principles, has been mnigated and various
systems have been proposcd as offering uniqm ndmtnsu.

With the nccumhtion of & sizeadle fund or apcrctim uﬂ tast amerlence,
and here, of course, “cperating” hpne- static oyemion and not expo-m
to the design ahock, more detailed requiremsnts have been encountered ;nd
reparted in the litersture. Buch considerstions, for exmsple; mcnm -
compensation for loed chenges, mntmnce tecmnqu vhich can be employed
without ucriﬂciu hardness lmvcl, ugnlﬁclnct or -mmwrhg tolcnneu
onptrfmo, enmnmoftnemtw orur unds.ctugont!n
structure dus to its motion rchtiu w0 the eapmle, effocts of fhxihuity
of the supported structure and the tnnnlnuon of M;h-fnqmey accele-
retions thrw‘h the mecoanical elements of the isolator.

[ £
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Concept studies of advanced facilities have also contributed to the recog- .
nition of problems relating to the design of current as well as future

... 8hock isolation systems and have stimilated the investigatio: of exotic -
W Ry mupommg current designs to very large or very hard

_..mmhum, Wuel in the designs and the design procedures now

‘_-’:;oqlord frequently have become apparent.

M esch of these problem areas is examined in detail and it is isegx-o

tainel whether engineering information or engineering.knowledge is needed,

1t w to be clsar tiat almost all of the problems fall in the former

mhgm'y "It 18 not implied that the design of shock isolation systcms

for this application hu'been reduced to pure routine and that no further

developmental or research effort is warrsnted. It is believed, however,
that if performance criteria are established completely and quantitatively a

prior to design, and if & development program is conducted in accordance

'\'rith’the high ltlndirdz practiced in equally important engineering under- .
mm. loat of the yrobleu noted sbove could be resolved with a high
level or cuxﬂdence.

_m outstanding exception is vith those elaments of tne isolation system

wmi'm sensitive to aspects of the mpt.ﬁ vhich cannot be evaluated wvith

_the needed sccyracy by any known wespous effects prediction method. For
, mh,mmnm-ortmtm hntmotthalhock-utbeknm

mmm— to dmrnne the d;mns.c responses of nonlinear or rheolinear
clements Or systems. Bven vith coupled or hig.ly dsxped linear systems,

: .cemu eﬂmhtioa of the peak mspoaus requirea some mromt&on on the

utun of the mforn, lui, to evaluste the frequency content of the output,

thcinpm: ult\nfbmc mist be known as a function of time. While a number

of structurel elemiots anl & fev shock isolation systems may be arproxi-

mated with scosptcble sccurecy as single degree-of-freedom, lightly damped

wmnm. & most significant pueenw cannct “aus, the mcntincction
of input \nnmn M; vhich osn m'xmnec the responses of systems
mx«l of thou wmd 1n unﬁ.euraun:l proteetiw mturcs appears to

“be’ tho M w liuls research probla reninlug to be msolved

.
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It 1s possible through the Jjudicious selection of suspension kinematizs
. and isolstor characteristics to winimize this dependence of isolation

system response on the less predictable teatms' of the input wavefornm.
Indead, to ensure that the highest level of confidence in the ability of
the system to perform as expected is achieved, pxncticu designs should
begin with insensitivity as one of the stated design objectives. By
assigning levels of confidence to each of the predicted parameters of the
shock input and by relating the various responses or the system to these

b perameters, the direction in vhich optimization should proceed becomes
clearly evident.

However, confidence level is not the only criterion of performance, and
other design goals render it rarely possible to achieve the degiee of
uncoupling of response from input which the uncertainty surrousding the
details of the input would sppear to warrunt. 7Thus while a strong effort
stould be made in every case to reduce the sensitivity of the system to &
pinisum consistent with the other performance objectives, the design of
most prectical systems will require more in:‘omti\on concerning the input
than that afforded by current groundshock prediction technlques.

Uatil recemtly, the only inforwstion‘describing the nature of the shock
envircoment which vas specified as & basis for the dasign of shock iso~
htimqﬂaumutroqmvspctnuoftbeemlmotthmpm
of linear, undemped systems. ammmmmmwmk
Nictimmmdmumcodmnwmm&umm
& - Bnivetok Provirg Oround. mnnmmemthdMu.
. the tests. xmrmhmcmnlcms“wm
‘coul? be[identified; tius, except for & limited ousber of paremsters, the

M prediction methols vere directed tovard the eyntbesis of response spactra
’ rather then of time histories. Purther, *be geologic formetions et thy

test sites were not typical of thcue at vhich most underground proteciive’

. :Mm-mmm.wmmmnmormmmx‘

thone nov being considersi. In edition, insufficient site ndvupca
M-mnm.ammmwmzmum




" effects of each. Tharefore, to extrapolste these data to other site and
- Yeapom ocoditions of i1 levest, simple linear, one-dimensional relationships
- ware used extensively.

B 0 'Y m for mu:tug the gross strength of the shock which might be

;—m to m unfer specified conditions, these prediction methods have
u— of nm iuportance to the protective structure program. Indeed with-

out tbeu, 2% 18 unlikely that the design of structures of significant

;_-}m mn have been attempted. ‘Thus these prediction techniques,

.. cride as they mny be, bave played an invalusble role in the construction
 of a1l bardened facilities in the United States.

- : ‘Nowever, to utilize the limited informetion svailsble on the nature of the
' " grounishock, early anmlyses of shock ivolation systems and other structural

: camponents of protective facilities esployed, of necessity, many simplifying -
‘ mtiou Inmctuut*.hecystwmereprdedubemgnnwand
7 | mtﬁnnﬂmuoftha 1nmtnreeuenticl, any pulse whose respotse .

'muwmwwmcmmmmtm frequency range of
_interest vas aeeeptul as & suitable representation. However as the intended
hardness h'vel of each pev facility increased, the requirements for an ever
groster Nlilhﬂ.ity and & more near,hr cptim design ruse correspondingly.
Amlyses becane aoTe rigmu and nov have been extenied to many elenents
'w:l.y treated onu by gross nppronntim. In almost every case the

_ 'm aqhui- an rigor in d«m snalysis nas demanded & more sccurate
 and wm deﬂ.nitw;: of the shock enviroumert.

!h- ﬂh M ylrt; current ma cffect.s prediction nthods cansider two
: hﬁe Mk ml.n llupu, the airblast-induced pulse and the direct-
_ tu‘md m m. are given for cslculating the peal motions for
‘ = ench type 01’ m and, W with suitable axplification ratios, these
' ’,‘ﬁMmuﬂunmhrccmtmcthwm Some
,wawmmmmmmmm.artmrme-
o m cuch as sccalerstion rise time, positive velocity duration, and total
- . . pulse Mua. mmmummpmmm of these latter

" . '.MMhMWWNNMMMﬂM
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To account for the effects of all other ground motions generated by the
nuclear burst, and i1 particular of the reflections and refractions from
the various layers of stratified media, the usual practice is to incresue
the peak sirblast-induced motions by a factor whick is related to the range
of the point of interest and the range at vhich outrumning first occurs.
While L.l. zcthod may yield acceptable values for the peak ground motions,
it gives no indication of the detailed mwmture of the waveform other than
to deocribe it as a "randcw oscillstion.” As a great many facilities of
interest are constructed at highly stratified sites the prcblem of definihg
time histories of the groundshock is mn important one.

In the design of the shock isciation system forr the Launch Control Center
of the Miouteman Weapon System, the combined regquirements for sttenuation
and rattlespsce vere impcssible to satisfy with a linear system. and as
only a ru{:dnse spectrum was provided to define the shock, the engineering
contractor vas faced with the responsibility for synthesizing weveforms
vhich cculd be employea to verify the performance of the nonlinear system
he had selected. Considerable discussion then centered about the validity
of the vaveforms he had constructed and thare alway: remained some question
that the most eritical conditions had been represented.

Partially on the basis of this experience, the Alr Force Special Weapons
Center in 13€1 initisted several studies directed tovard the formulation of
design methols applicable to nonliipesr shock isolation systems for use in
underground protective structures. In one of these (1), all available
weveforu data from nuclear tests vere re-examined with the oblective of
identifying all characteristic festures of the waves which might be of
significance to the respinses of low frequency aystems. It was found that
vhen the contridution of the direct wirblast-induced motion was removed
from certain test records, there remmined a lov freguency oecillation of
sufficient strength to bz of vital cancern in the design of linear as well
as nonlinear shock isclation systems. Although the oscillation could not
be traced directly to its source, it was suggested that it resulted from
refractions returning to the surfuce from underlying layers having higher
seisxic velocities. This hypothesis &ppeared to correlate weli with the
fact that in the test data, tbe oscillation war most apparent in the

3
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trans-seismic rarge vwhers the refractions would be expected to cont-ibute & »
iarge percentege to the total ground motion.

To explore further the possible source of such an oscillation the present N
investigation wvas undertaxen. Other research projects now in progress are |

~ studying the general problem of the transmission of waves through homoge-

neous an' layered, elastic and inelasiic media. This effort, however, was

concerned solely with those aspects of groundshock phenomena which might

shed some light on the source and strength.of the observed oscillatiuns.

The problem of identifying possible sources of the waves was approached by
twe distinetly different methods. Fivst, the wﬁvefront diagram was employed
to Aetermine whether or not the oscillations appeé.red to be simple combi-
rations of airblast-induced, direct-induced, reflected ind refracted waves
impinging at & point in aome sequence defined by the geology of the site.
The wavefront diagram is a graphical representation in a vertical plene of
&« vavefront as it propagates outward from a point source, and although
inelastic media and erbitrary stratification of the site can be considered,
it is evident that the method is strictly limited in its abllity to portray
faithfully all wave phernomena emanating from e nuclear explosion. Nonethe-
less, &8 noted earlier, the objective liere was only to estaublish the phase
relationships and if possitle the relative strengths of tlue four types of
waves jland, in this respeci, the wavefront diagram sppeared to offer some
promise. -

In the seccnd approach, the contribution 1o the oscillatory motion of surface
vaves vere investigated theoretically. Again, however, only forms and the
relative megnitudes of such waves need be ascertained to class them as likely
relatives of those observed in the test data. 7Thus, this effort also was
conducted without the degree of detail considered necessary in a more
rigorous analysis of groundshock wave propagatior. In particular, the form

apnd strengths of Rayleigh waves generated in an elastic, homogeneouts half- '
space Uy & surface pressure distribution similar to that resulting from a
miclear burst vere celculated and their phasing with other waves emsneting .

from the source estimated. They were then compured with the observed
oscillatory motions and points of similarity noted.

AN
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B. Observed Oscillatory Groundshock. Sauer (1, 25) was the first to
attempt to synthesize the general characteristics of the strong velocity

oscillations observed in several groundshock waveforms integrated from
acceleration records obtained during nuclear wespon tests. While high-
frequency oscillatory phenomena, of course, are frequently found in
acceleration traces of this type, thay can usually be expected to have
Jittle influence on the.velocity curve. In this case, the relatively low
frequency of the velocity oscillations together with thelr significant
strength and spparent regulerity of form lead to the hypothesis that they
resulted from some undetermined but not unusual interaction of the various
groundshock components.

The oscillations were observed in data taken both at the Eniwetok Proving
Ground (EPG) and at the Nevada Test Site (NTS). To isolate the oscillation,
the essentially regular one-sided velocity waveform commonly associated
with the superseismic airblast-induced groundshock, designated as a Type I
wave and shown in Pigure 1, was subtracted from outrunning Operation Tumbler
date and compared with date from Xoa 12 where the Type I was, presumibly,
ﬁitered out by the ground. The relative amplitudes of the variocus peaks -
were averaged over these data as were the relative time durations of the-
cycles. More weight was given to the Koa date since the yleld for this shot
was in the megaton range. After the first tentative velocity curve hed been

congtructed it was integrated to give the displacement and adjustments were

made in the later portions of the velocity curve so that the residual dis-
plucement would be zero.

The resulting oescillation, designated as a Type II vuvé, is shown in
Pigure 2 and is compared in Figures 3 and I with several traces obtained st
Koa. In some cases the normalized curve r'its the date very well; in others,
the fit is not so good, but the normelized curve still has the general shape
of the measured motions. Sauer suggests that the oscillation is related in
esome fashion to the outrunning condition and illustrates the development of
outrunning waveforms obtained during Operation Tumbler, 8not No. 1, by
appropriate combinations of Type I and Type II vaveforms (25).

In reviewing the test date, Seuer noted that no characteristic features
could be identified in the acceleration records. It seems reasonable how-

L3
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wil'%hut if the Type II oscillation is the interaction of several waves o )
ruching, the point of interect by different routes and at dirferent times, o
 the mim of each vave should be indicated by a fairly abrupt change in g
";mmthm. It is possible, though, that the mmber of waves resulting Lo
trm the\diltWe in e highly stratified, nonlinear med:lum was 8o large ‘
their 1dent1‘cy m lost.. 7
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l‘isure 1. Type I (Superseismic Airblast) Normalized Vertical
Particle Velocity and Displacament Waveforms.

'mc 1T (mtrunning Ground mcion) Normalized Vertical
hrtmlo Valocit; and Displacement ¥ave ‘orns.
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Figure 3. Comparison of the Type II Vertical Velccity
Waveform with Data from Shot Cactus, Gage
2V30, 650 Foot Range, 30 Foot Depth.
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Pgure 4. Cosparison of the Type II Vertical Velocity
Waveform with Data from Shot Kos, Gajze
12V1CQA, 3,14k Foot Range, 100 Foot Tepth.
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| Nonetheless it was believed to be sufficiently promising o investigate the

"’ 4 possibility of constructing & reascuadly close spproximation of th- shape

’ %' the Type II component by employing information obtained from the simple
vavefront and time-distance diagrans together with the few dats provided by
the groundshock prediction methods. Although many sisplifications would be
required, it wvas hoped that the most important phenocmena could be considered
and that the resulting vaveform vould be s significant improvemsnt over the
arbitrarily selscted shapes previously employed in shock isolation system

" analyses. ‘ :




2.0 NAVEVROR? DIAGRAN.

» ‘A, Background. Calculation of the transmission of energy from an
air or surface burst of 8 cuclear weapon to a given point on or in the
ng\uﬂ. 1s an exceedingly difficult task, even for sites whose geologic
ltruc.tm is reht:we]y uniform. While several iuvestigators have form-
ulated euputer programs to calculate the ground motions in inelastic,
layered media, $0 date no computer solutions have provided time histories

. of the ground wmotion suitadble for design purposes.

On ﬁ.he- other hand, accepted weapons effects prediction methods yield
little mure than meximm motions of the ground resulting from a single
ve. Simple pulse type vaveforms are suggested for airblast-induced
and direct-induced vaves, but no guidance is given for predicting vave-
forms vhich might result by hec impingement at a point of several waves
of different mgnitudes, from different directions and at phase intervals
related to the specific site under consideration. Almost all of these
works have been directed toward the synthesis of response spectra of the
groundshock, not & vaveform, and thus their direct applicability to shoci
uohtion system dum has been limited to lineer :yateu whose equations
_of wtion edutain only comtant coelficients.

'M i means for better ﬁw.uing the modes of propagation of the shock
. through the groumd, the «ti.snarwwloylnnrrontdxm The
- vavefront dhn'u 4s simply & representation of a vertical plans passing
»w the point ot Mpon wurst and the site of interest on which the
position or the vavefront is shovn at discrete time intervals. Any nusber
of lsyers cAn be shown and oriented in vhatsver fashion the designer .
" believes to _be aost rqpr-untattn of the actual site. m degree of
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detail that can be included in the wavefront diagram is limited prima. ily
by the patience and resourcefulness of the designer, but in most instances
the assumptions of elastic, homogeneows, isotropic layers with sharp
interfaces have been employed. Y

Data obtainable from a wavefront diugram are primarily the a;rrival time of
a wave at the point of interest, the path br which the wave reached the
point and the initial dire.tion of propegetion of the wavefront. If the
assumption of a linear mecium either with or vithout layering is reasonably
valid, these data can be determined for all waves generated directly by
the source or by the mving airblast wavefront. In most cases of interest
however the medium is aot lineur even at ranges extending beyond the
rupture zone and thus the velacity of propagation of each wave at each
instant is dependent on the liocal time-stress history of the medium. Even
if the nonlinear stress-strain characteristic of the medium is known, the
strength of the vaves cannot be determined from the wavefront diagras amd
thue the propagation velocity of waves of finite strength can only be
approximated.

The first cbjective of this phase of the work then was to compare cosputed
arrival times of various waves for site amd véapon,coixutionn corresponiing
+0 those prevailing at selected muclewr tests with the measured arrival
times in order to determine the degree of error iovolved in the assumption
of a linear medium. For a solution of the second problem, that is the -
estination of the time of arrival and the ugnitnde of the peak motions ni’
each vave, the wvavefront ard the tiw.-distance uugrau, of course, provide
little useful data.

B. The Use of the Wavefrout Diagram in Ground Motion Probless.
The basis and procedure for constructing vavefront diagrams and accom-

panying time-distance curves of the refracted and reflected vaves and
pethods of using these diagrams with the airblast curve to compute the




- time of arrival of the first wvave are presented in this section. The
methods are then applied to test shcts mede during Operation Tumbler and
Shot Pril,eim of Operation Plumbbob. Seismic velocities meagured during a

- conventional seismic survey are compared with tane velocities measured during

_the test lhdtl for the purpose of determining the effect of nonlinearity of
the soil ani establishing & basis for computing the time of arrival of wave

 subsequent to the first. PFinally, the distribution of energy at the inter-

face of two elastic layers is examined to determine the relative prorortions
of energy carried by the reflected and refracted waves.

(1) The Wavefront Disgram. Wavefront diagrams were developed
as & tool in seismic prospecting te obtain a better "feel" for the

interpretation of the time-distance graphs obtained from refraction
seismic surveys. imlu of the use of wavefront diagrams appeared in the
litersture as early as 1950, (2). Weveficnt disgrams provide a visual
method for evalusting toth qualitatively and, with regard to time and
aistance, quantitatively. the nature of the moticn of the ground vhen a
source of energy lfmuod at a point on the surface.

. (A) Basis. A typicai vavefroant disgras is yreaented in
FMgars 5 The diagru is sixply & cosposite, planar, vertical cross-
‘section of the ground lhovua the positions of the wvavefront emnating
from & point source at specific time intervals. At any given time the
‘Wmt 1is n curved surface pessing thronzh the most ulmced positions
mchld by the u:tur‘bma m‘. that time.

B L % emstmt a mtmt du;n-. 1t is eonvenicnt, although not essential,
'tomthtmmvelociw inuchhwerorm is constant. 170
_compute ‘arrivel times no unwuon is necsssary rca:mung the character
«mum The doundaries of the various lmrsortmambe

't"_-.'-ir-n.unr. or oriented in any direction; snd the vave propegatica velocity

mumwmu-nwmnm.mmmmro@m
nruco.l or hori:oum directicns. » '

.
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For any arrangement of layers with different wave velocities, the entire
net can be constructed using Huygen's principle: every point on a wave-
front acts as though it were itself a center of disturbance, sending out
wavelets of its own, always awvay from the source, the collective effect
of vhich constitutes a new vavefront. Por complex profiles, it is usually
easier to construct the wavefront diagram using just the basic principle of
Huygen; however, for regular profiles, construction can be speeded by :
certain other alds. A detailed step-bty-step example of the comstruction
of a wvavefront diagram is given in Appendix A.

(B) Charscter. All of the wavefronts shown in Pigure 5
are not jJust simple spherical waves emanating from a point. »:% may De
composed of several vavefronts of different origin and history. JFor
example, the vavefront at a time equaling 3.0 seconds consists of a
combination of four simple wavefronts. The section of the frout traveling
in layer 1 is the "first underlayer wave" which has arrived at that
position by being refracted along the top of Layer 2 (first underlayer)
and vack into Layer 1. The part of the front betweea the top of Layer 2
and the curve BGN is the refracted wave traveling through the body of
Layer 2. The remaining part of the front in Iayer 2 has been refracted
into Layer 3 and back into layer 2. This 18 called the "secotll underlayer -
wave.” The part of the froant in Layer 3 is the refracted wave mnnng
through the body of that layer. "

Due to the higher velocity of Layer 2 compared to Layer 1, the area to the

right of Point A in Pigure 5 is first veached and set in motion by the

refracted vave traveling in and alcng the top cf layer 2, not by the direct
vave fros Point S. The angle which the waderlayer vave mekos with the
boundary at which 1t originates is Wt of ths position of the
originsl sewtce or the forsstion thickness and depends ouly oo the velocity
ratio of the two formations aijoining the boundary. |
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If layer 2 had a velocity lover than tbat of I[ayer 1, the direct wvaves in
Iayer 1 wvould be refracted dowmvard into layer 2 and no “underlayer vave”
vould be generated. Only for those boundaries at vhich the velocity
increases with depth will underlayer waves be generated.

Along the top of Iayer 2, the wavefronts to the right of Point A appear to
have originated at Point A. The same condition exists to the right of
Point B in Iayer 3. At both Points A and B, total reflection from a
source at 8 would occur, according to Snell's lav.

(C) Snell's lav. The refraction of waves at the lxyer
interfeces is governed by Snell's lav. This lav vas discovered experi-
mentally, but it sctually is consequence of Fermat's principle which
staies that rays travel along such lines that the optical distance
between any two points of the rays is a minimm. If the given poiat ia
in & medium charecterized ly a velocity different from the mediua
cwtnningtuucmﬂmm,thmthewpthbctnenmmm
vill not be & straight line. |




Szell's law of refraction stater that refraction or benling of the ray
m mm m crmmg ) bam’ary between mrs of different velocities

v.
S
. O
R A , . (1)

—‘- constest. {2)
o * Vham & ray 15 & lower velocity mdiua strikes an interface vith a higher
R wlocity medium, thers is & certain critical sngle of ineidence desig-
% Mui.mmmm«mmumrummamm
o m wve is mnnl to the surfece of discontimuity. Since, in
K wm,mr-hnummmn'-mmt
—_— C sia 1, -f- - (3)

mmm«mmmuut ; there can be no refractied rwy
latlu sscond medium and, tierefore, no penetretion into that medivam, all
mwmmmnmumq beiag reflected. Thus, for incident
m.m th-th crittenl anglo therm is total reflectiom.
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systemc intersect. Together with the lgyer boundaries, these curves divide
the sectica iato zones, each zome containing ssvefronts of & common origin.
By comstruction, all points on such a curve are equally distant in tiwe
from the svur~e along two different paths. Therefore, such lines are callsd
coincident-time curves.

(E) later Arrivals. The wavefronts chown in Figure 5 are
only those arriving firast at each point. The direct wave showm as the
first arrival to the left of line AXC in Figuwre 5 will continue arriving
later at points C, X, L, D, E, etc. HBowever, this wave will reach these
points after the srrival of waves traveling by otaer pati 5. The ssae is
true with the first urderlayer wave where it 15 no longer a first sarrival
to the right line of M. Reflactions, which are pever & first arriwi,
vill also arrive later at all points along the grownd surface. In &3di-
ticn, the reflectiuns will occur at the interface between layer 1 and
layer 2, and alsc betwoea layer 2 end Ixyer 3.

Since ahear wavres travel at & velocity of sbout one-half that of
longitudinal weves, they 4o not appear in a first arrival wavefront
diagran. Shmm'iubew:mmalmt&m“
strikes & discontimity where there is a change of ¢lostic properties.
In fect, four nev waves will be set up in this situatiom. mm.
Pigers 7 shows an Incident longitudinal wave P and the resulting reflscted
Mmmmn,mmmrs muww-
- -annz,mmwmmmz {b:mwﬂhl
& “mm(-———-)wmmmmmmmxm _
o the rugs (——f—) toticate tramsveres weves.) A sisilar set of four
waves (but at different angles) would be set up if the incidemt wave were
transverse. B '




Pigure 7. Reflected sud Refructed Transverse and Longl-
tudinal Waves due to an Incident longitudinal
Wave.

.

The division of energy between the differsnt waves depends on the velo-

cities and the densities of the two media (i.e., vlpl and V%a) and ofi the
sngle between the incident wave and the surface of discontinuity. The
energy division between the various wvaves will be diséusaed in a later
gection. In general, for simple reflection, thé proportion of reflected
energy will be greater for greater differences in the elastic properties
on the two sides of the discontinuity.

In seismic prospecting, concern 1s alvinys with thé fastest wavee and,
therefore, with incident longitudinal waves P, reflected longltudinal
waves PPI, aid refracted longitudinel waves PPa. At the present stage of
developsent of seismic prespecting, little use is made of the shear waves.
Occasionelly, however, special purpose surveys are run to measure the shear
vave velocity to provide data to calculate the elastic properties of a

material, such as Poiason's ratio, (3).
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The later arrivals can be slown on a wavefront disgram, but their
presentation becomns very cumbersome. They are more ensily precgented on
time~distence 2urves, which will be discussed in ths following section.
An exanple of & refisctica wevefront diagram is chown in Figure 28,

(2) Tme-Distance Curves. Time-distance curves may be
constructed from data obtained from & seismic survey. In genersl, a
perticular survey will consist of measuraments of either the refracted and
direct wvaves or the reflected waves. The time of arrival of the wave ig
determined from inspection and correletion of the seiswogram from esch
geophone, or record of motion vs. time. The location of mm in
ﬁehtion to the disturbance or "shot" is known. The most common type of

seismic survey used for site evaluution for civil engineering puryoses 1is
tle refraction mfve&; howevéi', the reflectién survey is the most common in
petroleun or other deep studies. It will L# shown later that a reflection
survey vould also be of significent value in the evalustion of gromd -

motions due to nuclear blast,

The value in ihis spplication of the vime-distance surves lies in the
sase with which the sequence of arrival times, including the first and
later acrivals, at any point f interest can be idemtified.

The direction of mtion at the point of interest camnot be determined
from the tine-distance curves and requiies either the construction of &
wavefront diagram or a comstruction for the particular wave in guestion.,

For intsrest, the time-~distance curve derived from Figure 5 is presented
in Flgure 8. Additional time-distance curves for the test sites &t
Frencuman Flats and T-7 (fucca Fiats) in the Nevada Proving Grounds are

shown in Figure 24 snd Figures 26 through 28.




| (A) Besis. ngre 9 represents & subsurface section con-
listm of two horuunm layers vhich are agsumed to be isotropic end
_ m)y ’bmmn having nominal longitudinal weve velocities V. ) and ¥,
“"; sa tlu pper ant lower lspers regpactively. Assume also thet velocities
'Qg;lul Vz .‘-.::s.rtau -8lightly with depth, but are sufficiently different so
- that there is on abrupt discontinuity in seismic velocity at the interface
1!'- l’oint O represents the source of disturbance and S, a seismometer
o) sutd.on lmtod at distance x from O.
b
B h:uwing the mlonim st 0; surface waves and three types of longitudi-
3 nal waws, diract, reflected, and refructed, are received at 9, provided
thet x 18 sufficiently great. The direct wave travels along the svrface,
following path 08; ths reflected wave follows the path OBS; and the
refracted wave follows the peth OACS. The time-distanco curves for the
three mmﬁm wves may be determined as follows.

£

~The length of the curved path 08 is apwcximtely equal to x; the slight
curvature being due noh].y to the increage of velocity with depth. Hence, L
the time, t, required by the direct wvave toc traverse the distance 08 =x b

is

tn%“xa_tvl' | ("")

The position of the wuvefront on the time-distance curve (Pigure 10)
therefore 13 & ;pmgnt line which passes through the origin amd has a

slopy of magnitude llvl.

From the geometry of Figure 9, it is seen that the distance from the point
point O to the point of reflection B is

, 2 o
0B = (s- +h2 -%dxa-rhha
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Figure 8. Time-Distance Curves for Wavefront Diagram of Pigure 5.




AN~ TR-63-87

When the interface betwsen Iayer 1 and Isyer 2 is parallel to the surface,
& coslition of wymmstry exists and the distance 0B = B8. The total
distence travelsd by the reflectsd vave is then 0B + B6.

BB Y ewt
‘Since the distance (GB + BS) is also equal to tV,, the time for the
" reflected wave to travel distanc2 x is,

2 2

1
This is the equation for a rectangular hyperbola, as plotted in Figure 1C.

The time-distance curve of the vave vhich is refracted near the critical
angle, and therefors travels in the lower layer along & peth waich is
spproximately parallel to the boundary, is obtained by adaing the
time-distance in the tvo layers. The time-distances ia the upper and
lover layers are (OA + C8)/v, and AC/V,, respectively. It is evident from

Pigure 9 taat OA = C8 = h/cos &, also, AC = x - 2 tan e,.

Hence, the time for the refracted wave to travel path OACS is

x-&m&l
_"vlcoul’ Vo (6)

Equation 6 may be simplified bty replacing the trigonometric Punctions by
their equivalents iu terms of the velocities. It follows from Equation 3

that
B sy
°°"1'Jl'(;§)
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The time-distzace curve for the refracted wave is therefore a straight
line having a slope of mgnitude 1/v2 {(Figure 10).

The time-distance curve can also be used as a basis for calculsiing the
depth, h; to a layer of a higher velocity. For the two lajyer case
considered adbove it can be found that

The critical distance X, is th~ distance to the intersection of the
curves for the direct wave and the refracted wave (beyond the range of

Pigure 10). This exrcession also indicates the horizontal distance from
the gource to tha poimt where the first arrivals from the higher velocity
layer firs: reach the ground surface. '

Ta the usual caee, the geologic section consists of more than two
Borizontal layers of thicknesses by, hys By, .. b of successively
incroasing velocities | 12 Vz, Vy N vn-" shown in Pigure 11, The
paths or rays penstrating tc the various layers will be segments of

 streight lines, refracted at the interfaces sccording to Snell's law. The
angle of the path taken by the minimum time ray to any interface can be

found ss foliows (referring to Figure 11):

2k




Figure 11.
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Thus, the angle of the minisum time path in any layer is determined by the
velocity in that layer and in the fastest layer penetrated and is
Sudepandent of the velocity in intermediate layers.

Using the winimm time paths given above, the equation for the time-
distance curve for the refracted waves can be expressed in the following

form:

N '5_4,&1‘11-;1,&%2!'511';24 +2hn-1‘in“ n-l ()
v \ A V. vt v .V -

n n la 2'n n-1'n

The intercopt times shown on the top of Figure 1l can be written aa

¢ =a‘1!§n’§1+a‘2‘;n';ah_.+2hn-1i';n';n-1 )
in AA AR

vn-- 1vn

Whenever coincident-time curves intersect the ground surface, there is an
abrpt chenge in alope in the time-distance curve, indicating that at euch
points the first arrival is due to a differemt set of vaves. As the
slopes of curves of a single system are not discontinuous, the presence of
such breaks in the curve is a signal that & changs is taking place from
one set of waver to auother. Unfortunately; in practice it is not alweys
possible to secure data sufficiently precise to detect such a break.

(3) Partition of Emergy in Retlscted and Refrected Waves. In

the previous section, the leading coupressional vavefront was treced from
its source throughout the surrounding medis, including edjacent layers.
Tt vas mmticoed that in « similar manner the first arrivals of wvaves
traveling longer paths could also be plotted, although the problem is
complicated if the seismic velocity has been altered by the passage of
sarlier vaves. It wvas alsu noted that the impingement of either & com-
pressional or distortional smve on an interface separating media of
different characteristics resulted in the generation of four nevw waves.
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To gein som= idea of the nature of the ground motion at a point, the
contridbution of all waves reaching that point must be evaluated. The
wvaves reaching the point by direct passege through & single medium are
usually assumed to decrease in strength with distance due to spatial dis-
persion. At the interfaces between layers, however, it is necessary to
compare the distribution of energy among the reflections and refractions.

Equations describing the partition of energy between the reflected and
refracted vaves at an interface separating two media have been published
by Knott (4) and are available in more recent literature (5). Numerical
gol:ions of the equations for a wide range of dencity and velocity ratios
were published by Muskat and Meres (6); by Ewing, Jardetsky, and Press (7);
also by Howell {8). Because of their application to this study, some of
the results of the work by Musket and Meres is reproduced here. Seiected
results from their companion paper (9) are also presented.

(A) Energy Division. When a loagitulinal wave impinges on
a boundary separating layers of different elastic copstants or densities,
its energy will be distributed emong four nev waves, & longitudinal anmd a
transverse wave in each layer. The division cf energy among the cifferent
vaves depends on the velocities and densities of the two layers axd on the
angle between the incident wvave and the plane of the interface.

To illustrate the relative Lmportance of the four waves, the division among
them of the energy in the plane, Iocowitulioal, incident vave is tabulated
for one profile in Tabls 1. The rstio of the density of the medium in the
lower layer to that iz the upper layer is 1.1 and Poisson's intio is
assumed 2 be 0.25 for both medis. The paremster "a” is the retio of the
seltnic velocity in the lower layer to that of the upper layer.

he fractions of the incident longitudina wave epargy converted {mto
_enargy in the reflected and trapsmitted lcngitudinal erd trangverse vaves
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are tien given as functicns of seismic velocity ratio, a, and _mglc of
iacidence {vith the vertical) @, where:

'ﬂr = longitudinal wave reflection coefficient

= transverse wave reflection cesffizient

.‘Hl

'ﬁh = jongitudinal wave transmission coefficient

a‘-'t = iransverse vave transmistcicn coefficient

The sum Gf the coefficientz -wot ej:al unity, i.e.,

.Eré‘a fi‘ttf*ml

"Iv

It may e seen from Table 1 that at sngles of incidence less than critical.
8 large frsction ot the energy ia the !ncldeat wveve is trarsferred o the .
refracted longitudinal vave. Much of ihis trensfec:ei energy is then
refractad into still lower layers. I sach of the layers ioto wvhich waves
are refracted, amd nt range: heyond their respective critical angles, the -
refracied ¥ave propagates outward in a direction parallel to the upper
iolerfecs of 12 lgyer. Under these conditions, however, the trunsfer of
energy scroas the interface is not a strong ooe and only s smll percen-
tageaftumminmmﬁm returns to the upper lxyer.

It s avident thet at sngles of incidence greates than the critical value,
all of the energy in the incident longitudimal weve must be reflected
aince refrections csanci ocouwr. TRe soergy flux density, or cnergy per
unit area, in the nthcsed wave decreasss slighily with increasing anglas
of incidente, reaches & minimum and then increases slowly. However larger
angles of {ncidence imply gremter runges and for cases where the incident
vave is gpherical, rather than plane, spatial dispersion tends to offset

29
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the effect of the increases in the reflection coefficients. Nonethuless,
the net result is that the reflections have a greater influence on the

motion in the upper, softer layer than the refractions returning from the

lower layer. It my te noted; however, from Figure 8 that the first wave
arriving at the sur{&ce will always be a direct wave or a refraction,
never & rcflection.

This conclusion 1is supported by the work of Wolf {10) who atterpted to
explain the low amplitudes and low frequencies of refracted waves observed
in selsmic explorations. Wolf considered a wnrofile consisting of two
seml-infinite elastic medisa with both the source of disturbance and the
recording station located in the upper, softer medium. In a numerical
exanpls, he assune& that the seismic velocity in the upper layer was 10,000
feet per second, the seismic velocity in the lower layer was 15,000 feet,
rer second. and the range was 5000 feet. The disturbance was & displece-
ment pulse of 0.02 second duration.

The calculated horizontal displacement at the recording station is shown
in Flgure 12. The refracted wave, RR, errived it the station et time 0.33
seconds after lhe initiation of the disturbance and consisted of a unidi-
recvional pulse which lasted until time 0.5 secondis when the direct weve,
D, arrived. Shortly after the arrival of the direct wave, the motion due

to a reflection, RF, from the ‘nterface was observed.

Wolf notes that for this case the amplitude of the horizontal component of

the displacement due to the refractic. was only 0.0é times the amplitude of the
direct wave and that the directicn of the returning refracted wavefrort

was that of total reflection, i.e., at the angle of critical refraction.

30
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.6 TIME - SECONDS

ACCELERATION

Pigure 12. Wwaveform of Horizontal Ground Motion:
RR - Refracted Wave, D - Direct Wave,
RF - Reflected Wave (10).

The previous discussion has been concerned uith waves generated by a
single point source of energy. However the nuclear burst also generates
a strong airblaest wave which loads the ground surface progressively as it
propagates cutward from the origin. As a result, the strengths of the
refracted waves could be reinforced by the loading of subsequent points
as the air wave advances over the ground surface. The direct and reflec-
ted waves could also be reinforced in the same manner. The degree of
reinf rcement would also depend upon the seismic velocities, thicknesses
of the layers, and velocity of the air wavefront. Since both the refiec-
ted and refracted waves result from the incidence of the direct wave on
an interface, it is probable that if reinforcement were to occur from
the air wave, all waves would benefif nearly proportionstely and the
amplitude ratios would remain about the same. This reasoning will be
examined further in the section comparing the actual test data with the
predictions using the wavefront diagram.

The transmission and reflection coefficients contained in Table 1 are
derived for a two layer case. The results mey, of course, be applied to
a multiple layer system in & step-by-step proucee.. iHcwever, in order o

e s vy ¢ i — TG b
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show the influgnce of the angle of incidence and the influence of multiple
stratification, Muskat and Meres (9) presented a number of exampies.
Pigure 13 is teken from their work.

Bxaxinztion of the examplss of Figure 13 show that, vhen the angle of
incidence iz lsgs than the critical angle, the effect of the megnitude of
th? angle of incidence ia small., For most eatimates of the emargy return,
an assumption of normal incidence is Justified; and the angle of incidence
vith the despest layer should suffice for all purposes vwhen normal inci-
dence is not explicitly assumed.

I% can slso ba gean from the examples fhat the presence of intermediate
interfaces greatly attemustes the energy ultimstely returning from the
layer of greatest depth. A single intermediate interface reducing the
total velocity contrast by two will reduce the fraction of incideni energy
returning from the highsst velocity layer by a factor of five. An addi-
tional intermediate interface causes a further reduction by a factor of
about five, so that the energy returning uitimately from the 16,000 feet
per second valocity layer would be only O.h percent in Figure 13(g), as
compared to 11.1 percent of the incident energy in Figure 13(a). Part of
this attenuation is due to the energy reflected from the intermediate
interfaces. However, about half of the total decrease is due to the
higher ultimate loss of the incident energy by transmission into the
highest velocity layer because of the reduced velocity contrast.

Pigures 13(h) and 13(1), which correspond in their gross features to the
type of section encountered in certain Midwestern districts, show again
the high degree of attenuation resulting from the intermediate reflection
processes., Under the assumed conditions, less than one percent of the
incident energy will return from A&e higheet velocity and deepest layer,
vhereas more than five percent will return from the two upper interfaces.
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The velocity sections of Figures 15(J) and 13(k) shov the influence of en
intermediate low-velocity layer. It is sesn that, if the section resumes
its normal velocity increase with depth after passing the low-velocity
layer, the high contrast at the bease of the latter will give rise to high
reflection coefficients and greater ultimate returns of reflected energy to
the surface then will sections where the velocities increase monotonically
with depth and vhere all the contrasts are rather small. Thus, in the
specific cases shown in Figures 13(3)) and 13(k), almost as much energy will
be returned from the deepest layer as from the first interface. Moreover,
in comparirg Figure 13(J) with 13(h), more than three times as much energy :
will be reflected from the 15,000 feet per second layer in Figure 13(J) | .
than in Figure 13(h), although the latter has one less intermediate |
interface.

I\ s
e - —————
i i e - LSRG _

The percentsge of the energy reflected from a weathered or indistinct
interface between layers would be significantly reduced below the values 1
given in the tebles or examples. An indistinct boundary betwaen layers
of a geologic formation is often the result of a gradual change in the
conditions of deposition or weathering prior to deposition of the suc-
ceeding layer. In this case, the velocity gradient is gradual and may
result in more of the energy being refracted into the deeper formation
and less being reflected. g

The percentage of energy reflected at a discontinuity increases rapidly
as the angle of in:idence approaches the critical refraction angle, )
However, Gutenberg (11) showed that there would be no corresponding
increase in the amplitudes of the reflected waves at the ground surface.
Instead, the maximum amplitudes of reflected waves are found near the
source of the disturbance. This is because the ground motion is due both B
1o the reflection from the interface and to its subsequent re-ruilecticn '
downward from the ground surface., The amplitude also deperds on the rate
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of change of the angle of incidence with distance. That is, the larger
the angle of incldence the larger the area will be at the ground surface
over which the initial energy intensity will be spread.

(4) Use of Time-Distance Curves snd Wavefront Diagram with
Airvlast Arrival Curve. The time-djistance curves, whether

derived from the construction of a wavefront diagram or plotted from a
seismic survey, can be used in conjunction with the airblast arrival curve
to predict the point of first outrunning amd the arrival time of various
ground waves at the point of interest. Pigures 14 through 17 present the
time-distance curves derived from the wavefront diagram of Figure 5, and
the airblast arrival curve for & 20 MT weapon, (Figure 18). The series of
figures illustrates the procedure used in iccating the range vhere the
arrival time of the refracted wave coincides with that due to the airblast.
At greater ranges the refracted wave will arrive prior to the airblast
pressure. 1n addition to the arrival times of the refracted vaves, the
arrival times of the direct wave and the reflected wave from the two
deeper layers are also indicated.

The range at which outrunnirg first occurs may be found by cliding the
origin of the refracted wave time-distance curve along the airblast
arrival time curve until the two intersect at the minimum ground range.
This point will be found vhen the origin of the refraction time-distance
curve is located at the point on the airblast arrival curve where the
velocity of the airblast wave equals the velocity of the layer whose
time-distance curve mtorucf:l the airblas* vave arrival time curve. For
example, in Figure 14 the origin is located at a point on the airblast
curve vhere the airblast front is traveling with a velocity or approxi-
mately 10,000 feet per second. 1This is equal to the velocity of layer 3.

In this example, outrunning occurs first on the ground surface at
Station 6200. The origin of the refract.d wvave arriving first at
Station 6200 vas the disturbance generated by the airblast wave when it

35
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wvas at a range of 3500 feet. The peak overpressure at Statiom 6200 is
300 pousds per square inch, and at Station 3500 is 1500 pounds per sguare
inch (27).

It may be noted in Figures 14 through 17 that the refracted wave reaches
stations between 6200 and 6300 feet when the origin varies over a range
vetween 2500 and 5000 feet. Due to thes velocity variation of the airblast
wvave and the seismic velocitiez, al: the t.nergr carried by the critically
refracted waves betvesn tiis range vill arrive at nearly the same time.

Figures 15 ihroush &3 indicate the contours on vhich disturbances gener-
etad 5% tize U arrive simultaneously at the point of intsrest. Figure 19
is é vian view of the ground surface amd contains one set of conceatric
curves radisting from Ground Zero (c.z).' representing the position of the
airbiast vavafront at various time intervals. The airblast data are from
Operaticn Tumbler Shot No. 1, and are presented with the wavefrost diagraa
in Figures 24 and 25. Tue concentric circles radiating froa Station 5V
are lines of coustant transit time from a disturbance on the surface to
Station 5V. The transit times vere obtained from a modified time-distance
curve (Pigure 26) for Frenchman Flat (FP-1). The time-distance curve

for this site in turn wes obtained by construction of & refraction weve-
front diagrem (Figure 27). The somewvhat elliptical contours were then
drawn through points which yielded equal transit times from Grourd Zero
to Station 5V. The diagrams and figures are used later to compare the
predictions of the direction of motion and arr!val times with the field
dats from the shots performed st this site during Operation Tumbler Shct )
No. 1.

It can be noted by examination of Pigure 19 that the areas within vhich an
impetus of finite duration may be generated and may arrive at the station
at the same timn represent & vide range of instantanecus pressures amd
transit distances. In the particulsr conditicus used to cinstruct

Figure 19, it can da seen, for sxmmple, that the refracted vave at an
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flayer 2, Operation Tumbler, Shct No. 1, Station 5V.
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Figure 25. Airblast Arrival Time, Operstion Tumbler,
8hot ¥o. 1, Yield - 1-05 Kilotons, &i‘lt
. of Barst - 793 Feet. | .
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arrival time of O &) seconds is generated from both the far side of Groumd
Zero and from points beyond tne station of interest. The same general
situsticn is true for the earrivals of the other waves as shown on the
other figures. This i8 on2 of the several complications which make the
prediction of energies at a given station co difficult by graphicel
methods. Gereral observations regardiing the intensities of the various
arrivels will be discussed in the section comparing the predictions with
the actual field dats.

P ™ . O v

Figure 24 represents the position of the refracted wavefront when the
refracted wavefront diagram shown in Pigure 27 is combined with the
airblast arrival data given in Pgure 25. It differs from the refraction
diagram of Pigure 27 in thet in Plgure 27 ithe refracted wavefroirte emanate
from & poimt source at "0" while in Pigure 25, the refracted wavefronts
are generated by the airblast wave moving alon. the ground surface.
Figure 25 is constructed by shifticg the origii of the wavefromt diagram
(Pigure 27) so that it represents the position of the airblast fromt.

The various positions of the refracted wave are skeiched anmd iheir tran-
Bit time recorded. The envelopes whick represent the most sdvanced
positions of the wevefront &t & given time are those shown on Pigure 2i.
The times shown represent the total elapsed time since the burst. Bince
Operetior Tusbler, 8ot No. 1 was an sirblast. the initial time at Ground
Zero was equal to 0.2 seconds. '

Pigure 2b shows the general change of direction and slope of the first
arrival wave’runts as they recsde from the point of disturbance. PFrom
this curve it is possible to scale the arrival times and direction of
the first refracted wave at any point below the surfece. 7This disgrem
does not show the area from which & giver wave was geverated. If desir-
sble, 1t would be possible Lo construct in & similar msaner & disgram
showing the propegation of reflected waves.

a
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C. Comparison of Predictiocns with ¥ield Data. 1In this secticn the.
s acceleratiou-time vaveforms of several test shots are compared with
v predictions oassd on the vavefront disgram method outlined in this report.
R Fleld conditions «nd messurements used in this .compsriscn hweﬁeen .
ottained from the unclassified reports of Operation Tumbles, Shots ¥o. 1
tirnugh ¥o. & (12) and from Operation Flumbboh, Shot Priscilla (13). Data
from Operation Hardtack-1 {14) sre not presented due to their clmssified
nature; howeve ., s.. ® of the pertinent observations obtained from a com-
parlsra with the dat? from those shots will be gimm@.

_ Tirst, selsmic veloc.ties computed from data obtained in a refrection
;' survey at thae test site are compared with those indicated by the shoc™:
' exrive]l times during a nuclear test. The comparison of velocities
measured during a low stress seismic survey with those of tbemhhigﬁer
streus t2st should indicate the veriation of weve velocity with wave
strength. A considerable volume of material is available honcming the
4 thearetical and experimental inelastic and dynamic behavior of soils (i5);
"‘ thersfore, a discussion of this aspect will not be included in this paper.

In the second pert of this section & comparison is made of the predicted
? arrivel times and directions of motion using the wavefront&i* ' ’

- it}

with the field test records. G ey

(1) Pield Test Data. Pield test data used in tha Fewaining
o ~ portions of tkis section sre presented in Tebies 2 througn 12. .=

PP
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Table 2
FIELD TEST UATA, OPERATION TUMBLER (12)
| ‘ HETGHT
DATE OF BURST | YIEID
e | e
” T 1 kpril 1952 793 1.05
w7 15 April 1652 | 1109 1.15
22 April 1052 | WAy 3000
-7 1 My 1952 | 1040 19.60

& U0
3
5

Table 5
SEXSWIC VBLOCITIES (WODIFIED), OPERATION TUMBLER SIZES (12)

YUCCA FIAT, T-7 AREA

5-100 VARYABLE
(7200 fps 'SD)

10022, 5 3500
275-200 5C0
600C
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. Teble 8 |
OPERATION TUMBLZR, SHOT NO. 1 - AIRBIAST DATA
»\' S erm w I:’l :m: T:A';‘_I‘ac)
g::;:on Range Pressure Main Airblast
r (rt) (pe1) Shock
m 166 26.50 0'331
201 352 22.80 0.369
202 587 1k,52 0.451
ﬁ 831 10.32 0.569
1077 10. 0.T17
205 1326 9. 0.5
206 1575 7084 1.053
207 1824 6.71 1.236
208 2073 5.23 1,425
209 2570 3l 114%3&
210 3060 2447 20229
Teble 9

OPERATION TUMBLER, SHOT NO., 2 - ATRBLAST DATA

Stad Tangs. Proswar ’Jﬂﬁ§;§h¥$L—
Station » ‘
caber Range Pressure

(et) | (pet) Shock
%25; 12.92 o‘.gﬂﬁ o

4%%?.&%3%%
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Table 10

)

}

NPERATION TUMBLER, SHOT NO. 3 - AIRBL ST DATA

Ground

_=f

Meximum
Preossure

Arrival Time (sec)

Main Airblast
Shock

166
664
1406
2154
2903

1.708
1.759
1.928
2.198
2.561

3653
hko2

5152
5902

2.980h
3.456
3.962
L. 498

%;._?%

i

OPERATION TUMBLER, SHOT MO. & - AIRBLAST DATA

Gage
Code

Suber

Gr

Arrival

Time (sec)

Precursor

Main Airblast

F

(=]
.

N

o
v}

Es

SV EEES8

5087
5837

.Gvﬂ" a'ﬂ

3

Xk

w
]
N

1533

ERs
mr?u L I
-3
N
[« ]

s

i

n Fo distinct wain shock.

p OGage 1B bas three separste shocks;
arrival times, 0.28k, 0.295, and 0.307 sec;
pressures, 26, 42, and A5 psi.

Record not clear; possidly s precursor exists with u-riul
tine of 0.2h3 sec., -upnum 2% S.2 pet.

60
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Table 12

UPERATION TUMBIER, SHOT NO. b - ARRIVAL TIMES

Arrival Time (sec)

3

[~ ]

i

1 o

gﬂﬁg R aafttrfiin i,
«g nS AR AT BT
ggai RN i -"'ﬁ.:.;.: 'édééﬁ—;.
i~

\mn-nnndmuﬂninm.m«nun

main shook

ehows two shocks, arrival times, 0.295 and 0.31h sec.

u-mmﬁhcuuaMt
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(2) Comparison of Seismic Velocity with Test Velocity. As a
weons of copparing the velocity measured during a normal refraction
scismic sursey vith the velocity of the groundshock v..ve from a nuclear
explosion, time-distance curves were constructed using the published
seismic velocities of the test sites. The time-distance curve was then
shifted along the airblast arrival curve until the point of outrun.ing vas
determined. The results of this operstior are presented in Figures 29

througn 2.

The compariscn of the predicted times of arrival of the outrunning ground
waves vith those actually chserved for the Tumbler series of shots shovs
remarkable agreemeut. It should be noted that the range of overpressures
for the Tusbler series is relatively low, varying between 138 and 2 pounds
per square inch. Thus, at thess pressures, the seismic survey velocities
appedar €0 bte good spproximmtions to use in predicting first arrivals for
outrunning.

The comparison shown in Pigure 30, using the Shot Priscilla data, was not
conclusive since outruaning did not occur at the test stations. A coe-
parison of the velocities calculated from the srrival of the peek pressure
wave at the gages Detween the surface amd & depth of 50 feet at Frenchman
Flat st presursbly the 100 pounis jer square inch lavel mudl those measured
ty 4 sefraction sefswic movey is reportsd by Ssuer (1l). The velocity of
the pesk stress wave is shown to be between 2/3 and 3/4% of that measured
'b_y'mni-tcm.'

A survey made after Shot Priscilla shoved vo perimoent dicplacement below
overpressures of sdout &0 pounis per square inck. Permanent displacement
~ of coarse, vould imply inslastic dedavior of the soils.

Ia contrast to the dry, dssert type piara soils of Prenchwsn aod Yurcs
7iats st the Nevada Test Site, the ooil conditions of the Pecific Proving
Orounds are suturated corel sanis and corel conglomsrate. Typical of the

Ny
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coral atoll of the Eniwetok Proving Grounds, site of Shot Kos and Cactus,
is a surface layer 5 to 7 feet thick of dry, loose coral sand and broken
shelis. The seismic velocity of ibe surface layer i{e approxipmts=ly 800
feet per second. The surfece layer is underlain by the water surfece,
and, in places, by a very hard layer, several feet thick, of cemented
coral cong.-merate. The seiamic velocity of the conglomerste is on the
order of 8,000 feet per secoml. Belovw the water table the sites are
underlain by alterpating, random, avd digcontipuous layers of loowe to
dense coral sand sxd shells, and cther remmaats of cemented coral con-
glomerate shells. The velocity of the saturated sands is on the order of
5,000 feet per secomd.

£ Bria trin el Qb Bt 0. 1
§ Sma Pren Svimse Borwg (3)

|

= girentimin
&ul
-

l

i

Figare 20, Comparison of Field Dats with Calewisted Tisw-Distonce
M.Wﬁm.&o&b. 1.
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Figure 30. Comparison of Meld Data with Calculated Time-Distance
Curve, Operation Plumbbob, Shot Priscills.
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P _ure 31. Cosparison of Fieln Data with Caloulsted Time-Distance

Curve, Operation Tumbler, Shot Ne. 2.
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shewa.

1

Figure 32. Comparison of Field Date with Calculated Time~Distance
Jurve, Operaticn ‘fumbler, Shot No. 3.
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Figure 33, Comparison of Peeld Data with Calculsted Time-Distance
Curve, Operation Tuzbler, Shot No. &.
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The test shot for Koa was arranged so that the first geges recording
groundshock were located at stations where the overpressures were about
1000 pounds per square inch. Gages were also located at stations which
would ceceive overpressures of about 100 pounds per square inch.

e significant festure of the ground motions for Shots Koe and Cactus was
thst the waveforms had the character of the refracted wave, but of large
azplitude, (Pigures 3 and L4). The velocities of these very strong waves
were slightly higher than measured by the refraction seismic surveys at
the respective sites (14).

It is probeble that the hard coral conglomerate acted nearly elastically,
as perheps did the saturated coral sands. Although the final result of
the pressure and vibrations on the saturated, lc~ve coral sand was deunsi-
fication, this may not have occurred until the water had time to drain
from between the sand grains. As a result, the sand-water system may
heve acted elsstically during the passage of the first high intensity
véves. T™is possibility may also explain why the maximum displacement did

pot occur until & time after the entire aj.wave had passed over the recording
stations. '

The inelastic behavior of a soil wld be most evident vﬁen e large change
in stress occurs relative to the initial stress of the soil. Considering,
for & typical site that is not saturated, that the vertical stress due

£~ the ovarburden is about 0.9 pounds per square inch per foot of depth,
at depths on the order of 100 to 200 feet, the‘:soil is initially stressad
to and under equilibriun at pressures of 90 to 180 pounds per square

{neh. The overpressure: at the ground surface, considering attenuation of
stress with depth, may havs to be mich higher than the initial stress of
the sci) before the velocity of the ground waves is signiZicently reduced
by nonlinearities. '
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The velocity at which soils below the water level transmit a high stress
wave would be close to that of the seismic velocity of water. Thus the
velocity of a saturated soil as meusured during a seismic survey would
seem to be a good approximation to use in constructing a wvavefrunt
diagram. |

Sauer (16) suggests that in predicting peak amplitudes of ground motion
three fourths of the seimmic velocity for soils and fractured rock should ‘
be used. Based upon the evidence shown by the comparison of the predicted .
arrival time of the refracted wave and that actually measured during the
weapon tests, it would seem reasonable to use the three fourths reduction
for dry soils at overpressures over 40 pounds per square iach; and for the
case of saturated soils, rock, ard perhaps s0ii at depths greats: than 200
feet, to use the velocity as neum‘ed by 8 uimic survey.

() ¢ {son of Predicted 'Arnvu Times and Direction of =

ions with Test Accelerstion Waveforms. 1o demonstrate
the manner in which thy contours of equal errival time (Pigures 19 through
23) may be combined with the time-distance curves {Pigures 26 through 28)
to yield arrival +imes and directions of motion, snd as an irdicetion of
the validity of the predictions, test data fron Operation Tusbier, Shot
No. 1, are compared with the predicted motions in Pigures 24, 35 and 36.
At the top of each figure, accelerstion waveforms, recorded at Stations 3
and 5, are reproduced here from Reference 12. The staticn mumber nd
direction of motion are indicated by the ymbols near the vertical scale;
that is, "3V" denotes that the record vas taken at Station 3 and that the
vertical mtier m measured. The' }attev "R" indicates horizontal motion
vhile targential motion 1: labeled s o The lover charts, charactarized




by the arrows, shov the predicted arrival times of the refracted, direct
ad reflected waves and their directions of motionm.

" Bubsequent %0 tis esrliest arrival of sech vave indicated by the arrowe,

_' » th'l motion continues as loug as the disturbance remains. The position of
7 the errovs after the first arrival therefore is somewhat arbitrary and is

indicative only of the gemnl motion at these later timea. The intensity
 of the motion varies as the intensity of the source changes. However, the

-Jengthe of tbc arrows shown in the figures are not intended to indicate
relaive strengths of the waves.

" The time of arrivel of the first of each type of wave can be determined
directly from the contours of Figures 19 through 23. Knowing the range
from the source, the direction of motion of refracted waves will be normal
hthomtimnnmmtnttmtnnseu shown in Pigure 27. PFrom

_Pigure 28. the direction of motion of reflected waves can bte found in a

sindlar npnor

I contours of equal arrival time bave not been piotted for the site and
 wespon conditim, the same results can be obtained from time-distance
_cmlmchutmnhwnin!imnaﬁ This figure wvas employed in
predicting the. arrival times shown in Pigures 34 and 35 for Station 3.

Ry sliding ths.cs'igin of the time-distance curve along the airblast
arrival curve in the seme saaner that the point of outruuning ie locsted,
tmtuultmroquind for each vave to travel a given range may bHe

: __duw‘nincﬁ It will be fomdtobo faster, however, to drav zontour nps
ot .qm arrival time. In either care, the direction of motion is ob- ‘
tained bty thy use of the sppropriate wavelfront diegram as before. It

~ should be noted that time-distance curves must be coustructed for
horisontal planes passing through the point of interest.

fhe geologic model used in this cowpariscn vas modified somevhat from the
tast data in order to simplify the calculations and in an attempt to




APWL~-TR=-65-67

correct for the lower effective velocity of the surface layer while loaded
by the overpressure. The velocity profile used appears on Figure 28. In
reality, the seismic velocity profile measured in a boring by Shannon and
Wilson (3) indicated the existence of a layer with a velocity of 2500 feet
per second sandwiched between the two surface layers with a velocity of
1500 feet per second. As shown in Pigure 13, when such a condition exists
the reflected energy from *he next deepei’ high-velocity layer is nearly as
high as that from the first high-velocity laye:r.

The presence of this 2500 feet per second layer mmy e2~count for the
apparently late reflaction arrivals, since this layer was not included in
the construction of the wavefront disgram and other curves.

There appears to be reasonably good agreement between the arrival times
and between the phasing of the vertical motion with the horitontal motion.
It appears quite cle;r ; in the cases shown, that the first arrivals of the
refraction wave do not carry much energy in relatlon to the direct ~ave
and early reflections. At later times, when ene>gy is arriving from many
sources, the wvaveform could be expected to have a widely fluctuating
pattern. Relatively minor changes in the sequeuce of stratification would
significantly alter the pattern.

'The negative (downward) acceleration occuring near t = 0.8 seconds
{rigure 36) is not indicated in the diagram as being initiated by the
arrival of a vave. Kot all waves, of course, have been included in the
'dlagram. Shear waves, plastic shock fronmts, and reflections due to the
{mpingement of the rafracted vu_vei on the ground surface, for example.
have not heen represented on the time-distance curve although some
grestter detail could have been shown if desired.

It is more likely, however, that the full cycle oscillation of the uccgie-
ration curve is due to the relatively short duration of the airblast-losding
vhich genersted the refraction. At the range at which the refracting vave
ves initisted, the tiwe of G.:aying of the overpressure to fifty parcent of
{ts peak value was lems than C.10 secouds. The rapid decwy of the pressure
would propagate as a family of expansions vhich would account for the oscil-

1ation but which bave not been showr on the time distance curve.
69
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Predicted ve. Msasuwred Ar:ival ™Mmms and
Directicus of Motion, Operstion Tumbler,
ot ¥o. 1, Stations 3V, 3N, 3%,

Depth 5 Peet, Range BAS Peet.
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[/ /

Pigure 35.. Predicted ve. Measured Arrivel Times and
Ground Motions, Operstion Nmbler, Shot
No. 1, 8taticns 3¥30, JE50, 3750,
Depth 50 Peet, Range 861 Pest.




Predised ve. Meamired Arrival Times aod
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Although the first reflections from lower layers to arrive at the station
come from sources varying widely in range and overpressure, the vork of
Gutenberg (11) shows that the close-in sources contribute the largest
percentage of energy even though they may not represent reflections of
rays flatter than the critical angle.

No quantitative estimates can be made regarding the energy sssociated with
the various wvaves. The evaluation of the stress at a point by spatial
dispersion using the relationships of Boussinesq or Westergaard have been
applied to given areas upon which the loqd. intensity varies with time.
This approach may be feasible for gross low-frequency characteristics of
the waves, but probably would not reveal the detail needed in'this appli-
cation.

P. Conclusions. The wavefront diagram is & useful and simple means
for predicting certain waveform parameters of importance to shock isolation
system design. If the site geology is known in reasonable detail, the
type of wave first arriving at the point of ‘nierest, the first arrival
times of waves due tu the airblast, those transmitted directly from the
source, and those reaching the point of intsrest by reflections or refrac-
tions from underlying layers can be estimsted vith good accurscy. Thus,
the time differences between the arrivais of the various wvaves can be
determined.

Noulinearities in the stress-strain relstionshin of the soil sre of little
 importance in calrulating the arrival time of the first wave to reach the
point of interest, as the vave vill travel at the seismic velocity of the
undisturbed medium. Por subrequent vaves, it is found that the Initiel -
state of stress at depths vhere high-intensity waves frox large y;em .
weapons vould be reflected or refracted is usually suffici-ntly high so
that the soil sodulus romains fairly constant. Therefors, ... ~egions
outaide the rupture zone, it is probable that the veves will trivel at
velocities nearer to the measured seismic velocity than to ‘..hw vhicth
aight be predicted on the basis of an initielly unstressed meifum.




Ga the basis of comparisons of the predicted arrival timeer of refracted
~ wawes vith those msasured during scveral weapons tests, it appears to be

. reasonable to base calculations on & wave velocity equal to three fourths
of the measured seismic velocity for dry soils and pressures in ex:mss of
MO pounds per square inch. For ssturated soils and rock and for ali types
of soil formations wt depths greater than 200 feet, the use of the
msagsured seiswmic velocity appears to yield good correlations with KI5 and
ENG data. :

In Reference 1, it wae suggested that the Type IT wave vas the effect of
an intersction of the airblast vave with wvaves refracted from lower
. surfaces. Howvver the present study has shoun that relstively smxll
smounts of energy are carried back into the upper layers bty refracted
wvaves. Instead, it is the reflections which are prisarily responsible
for the return of emrg'm: lower to an upper layer.

_ For this reason it is recomwended that the norml refraction survey made
. during site evaluation be supplemented vith a reflection seismic survey
| of the erea near the proposed fr:1lity location. The refraction survey

- ¥ill yleld Gate whick can be used directly in the construction of the
m\fet‘rmt ducr- as dascribea earlier in this section. Dsta from the
sxﬂmwn uim ¥ill not only be of value in constructing the
uwfmnt sa ) M £rould also assist in evaluating the relative
3 mhttﬂu of the mfxectim from lmr layers.

“u%her, vhile ihe ll.r’bh#t-—tu&dco& vave =y contribute to the osciilatory
) utm of the Type II weve, combinetions of refrections, snd reflections,
_ with the direct cowgressicoal and expansion vaves can produce oscillations
4 wimm neceseity fur the prescacs of the airtlast-induced component.

- rmlthe wavefroot ﬁhgru and supporting calculations the direction of
. mhnw x‘mhn‘ the point of interest from each of the sources can be




.

determned and, ¥ith certain assumptions, the energy in cach ray grossly

approximated. It is evident from the preceeding discussions, however,
that the tctal number of wvaves emmnating frow eac. source is very large.
In the examples only the simplest of the compressional body waves have
been considered, the loading function has been assuaed to be invariant
with time, and shear and surface waves have been neglected entirely. ‘
While propagstion of all of these phenomena could be included in the ' ¥
time-distance curve and vavefront diagrams could be drewn, the fact that "
only the rougnest estimates can be made of the time-history of the motion

due to each of the waves severely rectricts the usefulness of this

graphical method for predicting the waveform of the Type IT ground motion.

Nonetheless, the wvavefront diagram and the time distance curves can be
useful tools in providing 2 simplc means for better visualizing the
routes by which certain waves reach the point of interest amd for
determining quantitatively some important time parameters of the coaposite
wvaveform. One sirple application which has been used extensiveiy in the
past is that of determining the time interval between thes arrivals of
the Type I airblast-induced wave and the Type II oscillatory cosponent.
The interval between the arrivals of the first refraction and the first
reflection can also be estimated with fair accuracy. These data togsther
vith, say, s triangular representetion of the moving airblast loeding
pernit the gross calculation of the relative strengths of these ear’y
mtidt:s._.' ’ '

If, a5 in many cases it is, the response spectrum of the total motion

of the ground as determined by current groundshock prediction techniques .
is provided as a criterion of the strength of the mution ia a given : : %
application, the problem of synthesi:ing acceptable time-histories of

" the ground motion is reduced apprecisbly. As the mrrival time and ¢
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sﬁxength and forn of the airblagt-induced motion can be estimated with
good sccuracy, and #s the arrival times of reflections, refractions and
other vaves as desired can be obtained from the time-distance curve, only
the relative strengths of these latter waves mist be estimated, as the
response spectrum of the composite wave wst match the given spectrum.
Obviously a great deel of intuition 1s involved in assigning even relative
strengths, but at leest this method provides a broad guideline for con-
structing the Type II oscillation which heretofore has not heen availsble.
And furthermore, the resulting waveform will reflect the influence of the
particulsr site and weapon parameters.

The directions and phasing of the strong early motions is of vital
importance in the design of many hardened structures, in particular those
extending to or ahove the surface of the ground. Here; owing to the lack
of appreciable stiffness in the upward directirn, the phasing hetween
upvard and downward outrunning ground motions and between these motions
and the arrival of the airblast wave can have a significant influence on
the response of the structure. Again, while the strength of the mctions
can only be approximeted grossly, the range of phase relationships of the
tirst arrivals can be cbiained directly from the time-distance curve.

It 1s clear that a wavefront diegram, tire-distance curve or other highly
aimplified graphical means cennoct be expected to yield accurate, detailed
time-histories of a phenomenon as complex as the propegation of nuclear
blast generated waves in an inelastic, stratified half-space. In the
ebsence of further atmospherir: nuclear testing, more accurate solutions
mist come from comprehehsive analytical treatments supported by experi-
ment. However, until the results of such solutions become available in a
form which will permit the engineer readily to construct waveforms directly
applicatle to the site and weapon conditions of interest to him, these
grophical techniyves, qualitetive as they may be, offer vitally needed

egsistance.

A e < 2.0
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5. THECRSTICAL ANALYSIS OF CROUEDSHOCKX WAVEPORMS.

A. Background. Bcly waves gemerated in an infinite or semi-infinite
homogeneous, elactic, undamped mediwm by the sctism of a disturbence
applied suddernly &% a point do not =xhikit oseillstory motions unless the
disturbance itself is oscillatory. In any case, the imput wave is propa-
gated throughout the msdium uncheaged in form. In seeking an explanation
for the oscillaticone reported in Refercnce 1, possible devistions from
these ideal conditions therefors were investigated.

In Section 2, the possibility wms exemined that the oscillatory nature of
the observed waves {(Figure 2) was due tu the superposition of waves
arriving at the pbint of interest frogw a common scurce; but by different
routes. Although except for the very early mouticns, guantitative corre-
lations could not be obtained, it was chown that nomuniformities in the site
properties are undoubtediy responsible to & large if not major exteat for
the osciilatory nature of the Type II wave. Fonhomogeneity of the site,
however, is not the only possible cause of irregularity in the waveform.
The energy transmitted to the ground by a surfuce burst of & muclesr weapon
18 uot steady either in space or in time. The airblast wave moving outward
from the point of burst varias in streagth and in waveform, ard as it is
continuously imparting energy to & nonlinear medium, deviations from the
initial puise shape will be genpzrated.

Damping characteristics of the soil might also lead to oscillations. For
example, the theory is aldvanced in Reference 17 that a sharp seismic dis-
turbance in a homogenecus half-space gives rise to a traveling waveiet of a
shupe Cetermined by the nature of the earth's absorption spectrum for elasiic
waves. It is shown that seismograms can be duplicated by successions of
these wvavelets gencrally overispping /but sometimes in the clear. It vas
further shown that the cenier of the wavelet travels with a velocity
characteristic of the medium and thet the wvavelet brosdens as it propagates
autverd fros the source. Whils this phenomenon axy not be of principal
significance either here or in seismograms, it dces serve to indicate ithe
variety of effects hich may lead to osciliations. o

m
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A further poesibility is that the oscillations are not due entirely to body
waves but that they also inclule motions dus to surface waves of the Rayleigh
tpe. The strengths of the oscillations due to surface waves would be
eapected t0 be greatest st the near-curface locktions at vhich the Type II
weves vere measured. This possibility was investigated here and Rayieigh
m'mtions resulting from loading patterns typicel of thuse generated by
miclear blasts were examined.

In Reference 18, previous studies of megnitudes ead forms of Rayleigh waves
genarated by mclear-Wurst-type loading functions are reviewed. The complete
solution for stresses wd displacessnts produced by & suddenly-epplied con-
centrated losd with s step distribution in time has been treated by Pekeris
ad lifson (19). The portions of these quantities vhich ar: due to Rayleigh
effects wsre extracted from these results by Chao, Bleich, and Sackman {20)
a8 the contribution of certain poliss in the inversion integrals of the
Peksris solution. Baron and Lechi (18) extended this work, considering the
Rayleigh effects due to a dec-yim prassure pulse of uniform strength actiag
over a circular surface ares of increasing radius.

In this study, ths loeding function was further wmodified to include & very
strong initial pulse vhich is more nearly representative of the high yield
maclea: dDlast. A loed of varying segnitude and wavefora was considered to
g:dn acrose the inturface of an elastic, homogeneous, isctiropic half-space.
™He ground mction due o Reyleigh waves sione was calculated for shallow
depthe ut vsricss ranges, and the equations for the body waves at depths
directly “elow tha cemter of burst were derived. The oscillatory nature of
“the Rayleigh waves vas examined and their strengths compered with the form
and strength of the airbiast induced groundshock.

B. Methemstical Model,

(1) sssusptions. It ves assumed that the half-rpace is homo-
genecy:s and elastic. The pressure dus t¢ & surface burst of a nuclear
wapon vas represcatod as an instantaneous point loading fcllowed by a

e Ak b B e bt S e teoen
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radially expanding ring or circular line loading of high intemsity with the
loading within the ring being of relstively low intensity. The rsdial
velocity of the loading front was assumed to be inversely proportional to
the square root of the time. Oaly the effect of normal preassure on the
egurface of the half-apace was considered. '

(2) simplified Analysis. The expanding ring loading or blast
wavefront of high intensity was based on data given in Reference 21 for a

20 megaton weapon and reproduced here as Pigure 37. Here the radial dis-
tances traveled by the wave and the peak pressures are given for six
locations of the wavefront. In converting these datz to a more amenable form
for use in the anslysis, they were first approximated by a ring of uniform,
but time-varying distribution, of total force S o’ and a ring with a parabolic
‘distribution, representing the steep wlvefront, of total force 31

{Mgure 38). The parabclic ring was further simplified by expressing it as
a Delta function traveling with a velocity inversely proportionsl to the
square root of the time. The expanding circular area loading was upproxi
mated by a Heaviside step functicn (rgure 39)

The circular line ring loading front vas assumed to travel slower than the
area loading fromt since the resultant force of the former is at a distance
4 r/h behind the leading sdge of the latter.

In Table 13 the data of Figure 37 have been tabulated and several signifi-
cant perameters calculated. It is seen that the ratio of 8]_/8° is fairly
constant for the range of primery interest and was thus fixed at 0.3.
Moreover, the product Po = Sod is als> seen to be reasonsdbly \constent,
averaging about 12 x 1015 pound feet.




Table 13
IOADING PARAMETERS BASED OM CURVES OF FIGURE 37

a » P 8 8 8./8 sd
) (b:i (epet)| (b x 10°2)| (o c02y *° (1b £t x 102
830 | 64 & 15 4.8 0.32 16.5
jkro | 26 | 8 8.9 3.3  |o.37 14,0

1710{5%0 | 17.51 5 6.6 3.1 0.47 11.3

660 | 6.6 | 2 5.0 2.0 0.39 11.8

900 | 1.8 .97 3.5 1.1 0.34 11.8

uzcl 0.7 | o.22 2.5 0.8 |0.31 12.7

Sim‘.l].lrly,

a = vavefront velocity coefficient

t = time

4 = 24Jat

a= d2/ht

Then the distance; 4, is

_To evaluate the wavefront velocity, let the velocity
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Flgure 38, Sirplified Parabolic Ring and Uniform Circular Ioceding.
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Pigwe 39. Loading Puncticas used in Computer Program,
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vhere "l is the wavefront velocity coefficient for the ring losding wave.
The coefficients a and a.; based on the data of Figure 37 are prescnted in
Teble 1k,

18

Table 1k
EVALUATION OF WAVEFRONT VELOCITY COEFFICIENTS & AND a, (FROM FIGURE 37)

t d dr dl a ‘1
ms) | (££) | (26) | (£6) | (£4%/nec x 10%) | (£t%/sec x 10
42 2360 660 2190 33 28
122 3560 | 900 3330 26 2
291 5040 ‘1120 WGO 22 19

é)

ﬁeawrageofaisaboutﬁxlossqmefeetpermod (Figure k0)
vhile the value orllmiqhtbetakenabmt20x1063q1mefeetper
second. However, in view of the indicated trend of the center of the
ring loading to lag more and more as time advances, the value for LY used
in the computer solution was taken as only 60 percent of that for a.
Thus,

[ 8 = 0.6 a
As a first approximstion, only the vertical component of the Rayleigh wave
vas considered for stations away from the loading zone and near the surfuce.
Stations at those locations are referred to as Region I, (Figure k1), Por
stations located directly under the loading zone and deep underground, the
radial horigontal projection r was assumed to be small in compearison with
the depth, z. Por these stations, Region II (Figure L2), the vertical per-
ticle velocity is the quantity of interest.




e = 25 x 165 £4%/s0c

O VAWES FROM FIGIRE 37

oux OuE T3 T - sEcons

PFgure k0. Comparison of Wavefront Velocity of
Figure 37 with SLisplified Value Where

& = 25 x 106 7t2/uec.
"r
ve $F |
. & ~y
v N ) . ‘

Pigure 1. location of Sites ir Rg@im I
Relative to Lomd Source.
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f—e v = Yo/t

Yy . o - 777 77
t/fr=e Medimm 4, P, ©

@ = a/cs . el . Je "

T - ct/z

/
Con v » VERTICAL VELOCITY (PARTICIE)
-
Pigure 12. Location of Sites in Reglon II

Relative to Loed Source.

(3) ILog of Computed Curves. For Bagica I, the vertical velooity
component of the Rayleigh wave is given by Equstion 34, (ippendix 3). The
dimeasionless velocity coordinete | i dafined:

2 . 2
= ’ *uy
ne G5 100 - 2.8 ThE

° In presenting the results of the calculstions, 7 bas bess plotted aghinst
v = et/

for the dimsnsionless depth retice

o jo.o0i
t = s/t = fo.0




for the dimensionless "spike ratio”

5 s

e

(tkts ratio 1s fairiy crmstant throughout the range covered bty Figure 37
el listed in Tabls 13), end for the dimensicnless “softness” levels, a,
vhere O his been intarpreted as & "softoess” and/or locatiun level. An
increass in @ indicstes that the madiun becomss softer, or if the softness
is unchanged as the range of the site from ground zero becomes less.

In the following tabnlstion, the figures in which the results are plotted
twmumoto . apd & ar> shown.

Q.2
0.5
0.5
1.0

0.3
0.5
1.0 8oft, Pigure 52

1 = 0.010_

For %ogion IT, the vertical perticle velocity component is expressed by
dpmtion 45, dut mamrical caiculsticas baw: aot been made.
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7. Discussion of Equation. The parsmeter O has been described as an
index cI "softness” of the medium through vhich the wave truvels. Howwver,
o it can also be shown to indicate whether the point of interest lies in a

e

subseismic or a superseismic region. Ry definition <
. 5
..z , (12)
.. da i v
W T
then
2
vifd
a - % (3
‘ The shear vave velocity ¢ can be related to the dtlataticosl wave welocity:,
cp ty the expression ' 1
- 1 -2
R ) FYPR)

and vhen Poizson's retio v 18 0.25, ¢ = 0.577 cp 7 has been given pre-
viously as

7"%(3 ""5’ = 1.08

- H £)()- 6N

For s homogeneous xsiium, the transeismic point 1s defined as the location -3 ¥
at vhich the blast weve velocity 1s equal to the dilatstional weve valocity, §
that 18, where v v < . T™en at this point

ok

&
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In the cases considered here responses have been evaluated for @ . = 0.1
0.3, 0.5 und 1.0. In the first three cases, then, the point of interest
lies well beyond the transeismic point while in the last case the point of
interest coincides with the transeismic point.

Eimilarly, @ can also be expressed in terms of the Raylelgh wave velocity,
c.. Then since ¢ = e/ys

Y \/d
a n Lo ly.-)
2 (cr \r

bt where in this cese d is the distance to the point at which the velocity of
. the Rayleigh wave coincides with that of the eirblast wave.
correa_ponding time: ¢, 1

Then the

A simple anelysis of the vertical velocity response of the medium at the
surface will revenl rcedily scme interesting relationships without the aid

of the electronic computer. Placing { = 9 in Equetion 34, the fellowing
expression for the vertical velocity is ohinined:

. -cT(?
W
' 1611';.
i ‘-o

88
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The above expression shows that at three values of the nondimensional time
Ts» the velocity w at the surface approaches infinity; namely, at T = 7; &t
Tao = 7 - asc; and at Tg1™ 7 - asl'
T which yield infinite velocities at the siwface is easily ceen from the

Tre significance of the three values of

. time-gistence curve of Figure 43(a). Here two curves are used to indicate

the iravel of the blast wave, one for the ring loading and one for the
cylindrical leoading. The point on each curve at which the Rayleigh wave
velocity 1z equal to the blast wave velocity was shown previously to be ac

tises v =a  and 7= 0 and at ranges dfc = mal/r and d/r = aso/r

1
respectively.

[E [

1.8
N
%
LI
i,
[}
"
: Ie
K )
2
% H A P ] w

RANGE PARAMETER d/r

Figure k3{a). Time-Distance Curve for Reyleigh Weves Generated
by Cylindrical and Ring Airblest Loadings.
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Nordimensional velocity can be related to the dimensionel velocity by the
expression:

dgd[r) 1 dQ_}_

e 4t

Then when

a(d)

Figure 43(b). Time-Distance Curve

From the gecmetry of ®igure 43(b), it is seen that

. - 4y 1
T Tp 7[1 (r)P”

r

vhere the subscript, p, indicates values at the point of tangency, p, and
the subseript, r, indicates velues at d/r = 1.0. %han
‘rr = ¥ - [+ }

Thus the Rayleigh weve generated by the cylindrical ioading arrives at
d/r = 1.0 when

"o = 7 = %o

god the Rayleigh wave generated by the ring loading arrives vhen

17 "%

These relationships are valid of cours: only for & < y/2. At larger values
of Gy d/r is greater than 1.0 and the point of tangency, that is the point
et vhich the airblast and Rayleigh wvave velocitier are equal, occurs at a
ground range beyond the point of interest.




It 1s seen that these are precisely the values of 7 at which the velocity
W becomes infinite. Thus at range & = ©, the value 1 = 7 simply marks the
arrival of a Rayleigh wave which was generated at the source at t = 0.

The value T = ¥ - as‘l_ indicatzs the arrival at r of a Rayleigh wvave either
vhich traveled at the velocity of the ring lcading until it bYecame less
than the Rayleigh wave velocity or whici originated at the point where the
two velocities were equal. At greater ranges where ¢, > v, the Rayleigh
wave continued at constant velocity LY arriving at range r when

T=79 - asl' Similarly the third infinite value of % occured when the
Rayleigh wave generated Ly the cylindrical losding at the point whers the

' two velocities were equal reached range r at v = y - aso.

Figure Lk, vVertical Velociiy at Surface.

Using Equation (13), the response can be approximated as shown in Plgure Lb,

If the two pressure loadings were to move with the same speed, the center
of pressure of the line loading would coincide with the wavefront of the
arca loading and their phuses would coincide, It is improbable that an




airblast wave having the continuous variation of pressure with time typical
of those generated by nuclear bursts would produce the two distinct pulses
such 28 the first two shown in Pigure kb even though the pressure decay

rate following tbe wavefront were very rapid. Thus the two simple peaks at

'roand'r

sl would merge into one.

Avether charscteristic of the re-ponse that can be cbtained by Equation 13

is the relatively slow rise in the response, W, followed by a very abrupt
decay. This phenomenon exists not only on the surface but also below the
surface to considerable depth, even iuough the response will be finite due
to the presence of the term ¢ (72 - 1/3)1/ 2 in Equation 34. The presence
of this spatial decay mey be of importance in regard to spalling of rock.

D. Calculated Responses. Rerion I. Respomses obtained by computer
solutions of Equation 3k are shuwn in Figures 45 through 52. It may be
noted that in all e}ght cr.ses, the form of the vertical velocities due to
Rayleigh waves agrees closely with thet prédicted in Figure L4 and by a
study of the rehtionqh {p of the parameters. In each case a wave origina-
tingatthcsourcent ¢-Oreachsranged-rat T=9=1.08 and at
Tay-Q o1 a negative spike of lower smplitude occurs. This latter wave
originates at the range at mch the velocity of the airblast wave from the

ring loading equals the Rwle\igh wave velocity, i.e., at d/r = o /7.
\

The first vave to reach the poin\t of interest in all figures except 48 and
52 reached range dsr at 7= 7y - a and originated at range d/r = 2 /7
at ¢ = a vhen the velocity of thle sirblast wave from the cylindrical
losding m equal to the Rayleigh vave velocity. In Figures L8 and 52,

the values of 3 end G, are 1.0 uﬁ\ 0.6 respectively. Thus Rayleigh
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Plgure k7. T vs. T for Rayleigh Waves in Region I;
& - 0.001, aso = 00%, a’l = 00300

L6 ol.7 0.8
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ﬂu » 1. -m

%00-

DDEMSICHLEDS TIME ¢ = ot/r

Pigure k8, T vs. 7 for Rayleigh Waves in Region I;
lw= 0.001, 0'0 - 1.00) a’l - 0-60-
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vaves arrived at & = r similtanecusly vith the airblast wvaves. These tims
were,

L ARAi—

2
. o = é;; = (0,29

for the cylindrical loading and

= E— = 0.18

sl

for the ring loading.

It may be noted that the Payleigh waves resulting from the passage of the
cylindrical loading across range r are not shown ir Figures L8 and 52 as
they arrive prior to the minimum value of ¢ shown.

In 211 these curves, based on an elastic madium, a fixed spike .aiio
sl/so = 0.3 and & fixed velocity parsmeter ratio “.1/".0 = 0.6, there
should b2 no fundamental changes in shepe if the ratios are varied only
slightly. As shown previously, the phasing between the Rayleigh vaves
resuiting from the cylindrical and from the ring louding is

ar ® asl "%

vhile the phasing betveen the Rayleigh wave due to the ring loading and
that ge.erated at the sources is

At * aﬁl

3cth of thece differences are valid, of course, only if both a” and a,

1
are equal to or greater than 7/2.

Time-distai:: curves for each of the values of a-o are showm in Figures

53 through 56. Also indicated in the figures are the arrivals of the
di{latational waves.




APV, ~TP~(3-L7

In Piguree 45 through 52 it may be noted that the values for the dimen- .
cicnless velocity parameter ¥ are sharply pesked and that in many cases
sheir paximm lic outside the range shown. In ac.usal cases of groundsnock
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these “eaks would be attemiated significantly due to two factors,. PFirst,
in the ragion surrocunding the point of burst, the elastic theory is invelid
since at the extremely high pressures in this region the medium acts
essentielly like a £luid, in which of course, Rayleigh waves do not occur.
Trais vevea originating within this region would be expected to.be less
severc than those predicted by elastic theory.

A sexond factor tending to reduce the strength of the waves is that sven
cozpelant roek will uot remmin elastic at the high stresses accompanying
the high velocities. Solls, of course, will produce even greater atten-
ustions particularly if near the surface; since they will yield eppreciably
in compressicn and can sustain tencile lceds no greater than the iw situ

compreasion.

Thus the strengihs of the waves shown in the curves represent an upper
bound of those that might be expected to occur in & real medium. Purther,;
the wave velocities and shapes would be altered by nonlinearities in the
medium, thus changing the arrival times and phasing of the waves from those
indicated. This latter effect however would be expected to be relatively
small.

Although the sirengths of Rayleigh waves in a real medium could be appre-
ciably less then those shown in the curves, it ie of interest to compars
their strengths with those of dilatstional waves generated by the airblast
loading at the same sites. Of the four cases for which numerical values
ware obtained, one (a” = 1,00) vas at the transeismic point while the
remaining three were in the subseismic or outrunning region. In the tran-
seigmic and subseismic regions, the vertizal velocity at the surface due to
an sirblest pressure p is not equal to p/pc but is increased by the con-
tribution of the ground-transmitted shock from the eirblast wave wvhen it
was at & lesser rdnge. Reference 26 recommends the use of a factor of 1.4
to account for this effect. Thus

N = .1-".‘2
®p
where U 1s the vertical velocity due to the airblast pressur:

102
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In caleulsting the strengths of the Rayleigh weves, it was assused

2
So a ponl

vhere s was the total forcs exerted on the surfece of the ground by the
ecylindri cal loading and P, wus the overpreasixs die to the cyliulrical
ioading. Referring to Teble 13, it is seen thst the pressure P due to the
ring loading is about three timss Py Then
"p,a°
8, = =y
letting p = p, and d = r, ¢ = 0.577 ¢,

h2s 2.k 8
3 = 0 . S
2 2

The ground velocity parameter T due tc the Rayleigh wave was given as

N - 62. 8r2g.v'r
cSO

Substituting ¢p = pfle

1 = 62.8Er2\)

%

Then
1w

Now in Figures 45 through 52 i 1s seen that the peak astrengths of the
Payleigh waves generated by the ring loading are very high, excesding
200 units. Thus for the case of an elastic med:ium, and recognizing cha
approximate nature of the comparison, it ic seen thet the strength of the
Rayleigh wave due to the ring loading can be larger than that due to the
Ailatational wave generated by the ring loasing.
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E. FRayleigh Waves in Real Media. A direct quantitative comparison
of the Reyleigh wave pattern resulting from a disturbance in an elastic,
hozogenecus medium with the oscillatory motions observed at highly strat.-
2ied reoal sites, of course, is not poassible. This work however was directed
primarily toward the identification of phenomena which might contribute
significantly to the Type II oscillation rather than toward direct corre-
lations. In this respect it appears that the ianvestigation was successful

and thet several pointe of importsnce can be established.

The Rayleigh wave generated by a step loading consists of a single pulse-
like motion in the vertical direction with negligible oscillation. The
vave motion resulting from an inmpulse loading appears to consist of =
single-cycle oscillation. In nelither case 1s & train of waves generated.
It is doubtful if the wave transmitted directly from the initial distur-
bance would be of significance in a real medium. As it must follow the
direct-induced compressiomal wave and the air-induced wave, it must pass
through ti2 ruptured zone surrounding the crater. In this region it is
likely that the highly inelastic behavior of the medium would damp the wave
tc a negligible strength.

Even for the elastic case it mey be noted that the wave generated by the
steep-fronted airblast wave aa it recedes from ground zero at a velocity
egual to that of the Reyleigh wave is by far the most severe. A4s the
velocities of the airblast wave ana the Ruyleigh wave are matched outside
of the rupture zone, and as this Rayleigh wave is generated in a medium
vwhich hes been preconsolidated by the passage of the dilatational wave, it
i3 possible that the strength of this wave &s predicted by elastic theory
may not be too far in error.

The form of an actual airblast wave consists of a single exponentially
decaying pulse rather than the two distinct blast loadings assumed in the
analysis. Thus the two Rayleigh waves generated by the blast loadings
would, in fact, be superimpoged. In addition, the strength of the combined
wave would be less than that shown due to dissipation, the oscillation would
be brcelened due to the nonlinearity of the med_um and the symmetry of the
oscillation would be distorted bty the inability of the medium to sustain

large tensile stresses.
104




AFWL=-TR-65-67

In this analysis, it was assumed that the medium wes homogenecus. At
layered sites, however, and for certain ratios of density and Lame’'s cons-
tants of the two media, a modified form of the Rayleigh wave can exist at
the interface. As it travels at & velocity 8lightly different from that
of the surface Rayleigh wave, it would be expected that the motion at
shallow depths would be the superposition of the motions due to the two
sets of Rayleigh waves but at some difference in phase. Layering would
also be expected to result in other phenomens, such as refractions and
reflecticns at the interface, which were not considered here.

Quantitetively, then, a rough picture of the Rayleigh waves at a real site
can be constructed. In the outrunning or subseismic region where the

Type II oscillations were observed, the Rayleigh wave can never arrive
first, although near the transeismic point in a homogeneous medium it may
arrive simultaneously with the airblast-induced motion. The initial
direction of the vertical component will be upward similar to the initial
upward motion of the Type II wave. The principal part of the ground
velocity due tc the Rayleigh wave will consist of one full cycle oscil-
lation.

The lack of an indication of the intensity of the Rayleigh wave in real,
layered media precludes the positive identification of any contribution
they may have male to the observed Type II waveforms. Since they arrived
at the point of meansurement after the arrival of the rafracted wave, they
could not have been responsible for the initial upward motion. It is
possible that some of the later oscillestions however are due at least in
part to Rayleigh waves.
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APPENDIX A
CONSTRUCTION OF A REFRACTION WAVEFRONT DTACRAM

The refraction wavefront diagram is a graphical representation in a

vertical plane passing through the source and the station of interest of

the positions at discrete time intervels of the direct-induced and refrac-
ted waves emanating from the source. Since these waves will always precede
reflected or shear waves, the refraction wavefront diagram indicates
directly the sarliest motion at any point. With the assumption of linearity
of the medium, later arrivals can be depicted in a similar manner as can the

propagetion of reflected waves.

A great degree of detail can be included in the wavefront diagram if it is
desired to do so. Nonhomegezneity can be represented by many homogeneous
layers of very small thickuess, the layers may be oriented in any manner
desired, and inclusinns of eny shape or z2ize may be considered. ror the
refraction disgram, the assumption of linearity of the medium is not
necessary as the first waves to arrive at a point will always travel at the
seismic velocity of the medium. For calculating later arrivals through
nonlinear media, certain rules of thumb have been employed, although it ia
in this respect that the most severe limitation of the wavefront diagram is
evident; the astrength or the weve cannot be deteruined.

The practical limit to the detail that srould be included in the wavefront
diagram is dependent, of course, on the accura.ies with wvhich the site
profile, the soil properties, the weapon size and coupling efficiency and
the burst location are known. Since in most cases these parameters are
krnown only within broad ranges, many refinements are not warranted.

In the example d.=_ussed here, a three-layered system is considered
(Figure 58). The upper or surface layer, v th seismic velocity v, = 5000
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feet per second, extends to a depth of 2500 feet; the second ‘'2yer, ith
v, = 7500 feet per second is 4000 feet in thickness; 2.3 zx. third o
bottom layer has a seismic velocity \I3 = 10,000 feet per second.

the two interfaces are assumed to lie parallel to the surface &.-»..gh, as

Sl

noted above,; this assumption is not necessary and any oris . a ..n of the
layers could be considered.

STEP L: The scale is first selected and the soil profiie drawn in, To
facilitate construction, the horizontal scele {range) shouid ve equal %o
the vertical scale (depth). Yest at most sites, the range of interest ray
extend to several thousands of feet while detail may be desirad in a
relatively thin iayer. Moreover, the diagram construction begirs at the
source and procedes outward thus accumulatirg errors. A fairly large
scale then is essential if any sccuracy is to be achnieved.

Beyond the range at vhich a refraction from the deepest layer retussis to
the surface the shape oi the wavefront and its velocity remain constant.
Thus the wvavefront diagram need be extended only to this range which mey be
computed by Equation 8 or derived from the relationships given i Sectioca 2.

That {s
V, * v, '
Xe 4 va ~ vl for s tvo-layered system
and

h -3
X - e - 1V - v, - v =
¢ (v‘}'-vag v, 2 3 i > 2 1 v
. "2 J v§ - E for & three-layered system ;

The relatiouship for the twu-layered system is shown in Figure 57.
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rigure 57. Range - Thickness Ratio at which a Rerracted Wave | f
First Reachez the Surface in a Twc-Layer System. = -
STEP 2: PRays at the critical angle beyond which all weves are reflected : E
at the interfaces are ther drawn. In Figure 58 the ray OA represents the ’ ;
limiting path in the layer ' - layer 2 system. The critical sngles are E E
determined according to Sneil's [av as descrived in Section &. i ;
| .
STEP 3: Select a time interval .. from the source "0, drav in layer 1 -
circular arcs representing the pcsition of the direct-induced wave &t these 3
times. The arcs should be extendel lightly intc layer 2 az shown by the '
dashed jines in Figure 58, :
STEP 1 The wvavefronts o Layert 2 and 3 will not be circular ares, j -
Directly belov tie source the weve will propagete vertically at the seiamic % 2
velority of the layer. Alcig th  iaterface with a shailower, scfier layer : k

and al angles from the source lass than the critical angle, the norisontal
gompenent of the wave velooity in the lower liyer will be less than the
horizontal corponent of the velocity in the upper layer. At Foints A and

B, the horizuntal velocity samponents in the twe adjacent layers will pe
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exactly egual and at greater ranges, the velocity in the lower layer along
the interface will exceed that in the upper layer. Thus along an interface,
between layers 1 and 2 for example, and at ranges greater than Point A, the
initial motion is generated by the first disturbance reaching Point A.
However, at all points within Layer 2 below the interface with Layer 1,
except for those regions where waves are refracted into Layer 2 from lower
layers, the initial motion is generated by disturbances arriving at the
interface from rarges less than Point A. As noted earlier, then., the wave

profiles in Layer 2 are not circular arcs.

At ranges shorter than those indicated by the critical ray, intermediate
points on the wavefront lying between the interface and the depth scale

can be determined grephically by constructing radii from the source through
the region of interest,; such as line abc. As the dashed line is simply an
extension of the circular arcs in layer 1, ab is the distance the wave
would travel in Layer 2 if V2 were egual to Vl. Then the actual distance
abc must be ab x Va/Vl.- Three or four such radii are sufficient for the

rocuracy needed i most practical applications.

At ranges greater than Point A for Iayer 2 and Point B for layer 3, the
WEBVEIYONLE WoiL Be euui it e 0 vefrentg paasdae th L Tointa

A and B respectively.

STEP 5: The fronts in Iayer 1 along the interface between leyers 1 and 2
beyond Point A are first reached and set in motion by the disturbance
traveling in and along the top of Layer 2. This "underlayer wave' has &
straight wavefront in layer 1 with & slcpe of Vl/V2 as shown in Figure 358.

The intersection of the underlayer wave end the direct wave having the
corresponding .ime is a point on the coincident-time curve I in layer 1.
The coincident-time curve originetes at Point A in Iayer 1, and at Point B
in layer 2, 1In Iayer 2, the co}nci:lmt%im orrve represents the inter-
section between the refra.ctéd wvavefyront of .ayecr 2 a1 the underlayer wave
originating from Layer X,
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et e

The points where the coincident-time curve intersects the ground surface
is represented on the time-distance curve by an abrupt change in the slope
of the lins, as shown by Points C and D 4n Figur:c 8.

The wavefront diagram started in Figure 58 it shown in its completed form
in Figure 5.
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APPENDIX B

THEORETICAL ANALYSIS OF GROUNDSHOCK WAVEFORMS

Blast Wave of a Nuclear Detonation and jts Idealized Approximation

The characteristics of the blast wave due to a nuclear detonation can be
shown roughly es in Figure 37 (21). The maximum pressure occurs at the
cylindrical wavefront from which it decays rapidly and levels off toward
the epicenter. If S denctes the total load on the ground surface exerted
by tie hlast wave, d, the distance of the wavefront from the epicenter, r,
+the radial distance of the site from the epicenter and if the peak pressur2
spike at the wavefront is appronimated by & &-function, then the normal
pressure o exerted on the ground by the blast wave may be written approxi-
mately as:

g = -

H@-r)
S -5
o} ndé

1 2 (%v; z) (1ka)

e

~b 4

wher~ W(x), 8(x) represent the Heaviside step fincti ». 3 tu. £ funetim
respectively,

(1kv)

The velocity, v, of the wavefront decays with time and eventually apnrosches
zero as limit. Because of the numerical values given in Figure 37, it is
assumed to be inversely proportional to the square root of time counted from
the instant of detonation. Namely.
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v = ga/t (15)

where & 1s a proportional constant. Accordingly, the lucation of the
waveiront at time t can be easily computed as:

a -‘/:'vdt « 2.at (16)

It may be noted that this result, d ~to'5, 18 very zlose to G. I. Taylor's
intense blast wave theory (22) vwhich shows 4 ~ to'h. A comparison between
Fquation 16 end the observed values from Figure 37 are plotted in Figure 40.
It may be seen that the agreement is quite good if "a" is taken to te

25 (kilofeet )2/ second,

Substitution of Equation 16 into Equation 14 gives the loading function
due to a nuclear blast wave aAs:

G = -8 H(2Vat _-r) ¢ s(2yat - r) (L)
o it 1 h“v;'

Mathematical Analysis

Assume that the ground is a homogeneous, elastic half-space of density o,
shear modulus , and Poisson's ratio v = 0.25. Using cylindrical coordi-
nates ac shown in Figure 59, letting q and w denote the redial and the

vertical displacements respectively and folloving lamb (23), these dis-

placemsnts may te derived from a dilatational potential ¢ and from u shear
potential ¥ sccording to

SRR o
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- M - v - }. -a-v. o)
R (105)

Ths governing differential equations of the pediur may be written in terms
of ¢ and ¥V as:

2
e Sy = 4 (190)

at
2

v - -a-% (1)
3t

D

Pigure 59. Cylinmdrical Coordinates.

vhere |
¢ » (Wo)M2 e o 3Rt - B (20)

denote the :i~a: and dilatationsl vave speeds of the medium respectively.
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The sclutions to Equations 19a and 1% are subjected to the boundary
conditions

2
Gu"u(7¢+2‘$)'6 t>0,z = 0 (21a)

«- 8 4 - -
o,y ¥ + e 0 ts0,z 0 (21v)

vhere o is defined in Equation 17 eand LA
medium. The displaceuasnt and therefore the potentinls also must vanish at
infinity. The initial conditions are such that all quant.:ies must be zero
for ¢+ = 0,

g,, 8Fe stress components of the

Let E, v, F, V,0 and Q, W, ¥, '!, L denote laplace and laplace-Harkel
transforme of q, w, @, ¥, 0 respectively according to

(El v, a: ¥, .O‘-) -f (Qt v @, ¥, G)-Pt at (22e)
o
- s | G %58 ¥, 5 b
(Ql v, & ¥, 0) L g [ qs Wy B) » O dp (2zd)
Dv‘

P '3 (p.)'

['p .’QY’ SJ - o v, "E" o J:(gr) r dr (2%)
- - .’1 - P . - PJ (¢)1

v, ’I.‘I o - / LUBK T38 730 3 | - gde (%)
QT | S U f EAC28

wvhere p and ¢ m laplace and Hankel transform parameters and Bt indicates
the path of integration for inverse laplace transform such that q, ¥, ...
are spalytical functions of p to the right of B,

T™he transformed equations corresponding to Equations 19a, 19, 2ls, and
2idb are:
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d¢ . (ge + he) $ = O (2ka)

‘-13% - (g2+k2) Yy = 0 (2bv)

ae
(2;2+ k‘?) ¢+ 28 - gz =0 (250)
a%z!+(2g2+k2)y-o,z-o (25)
vhere
h-p/cp-—L;k-p/c (26)

Ve

and ¥ is the Laplace-Henkel trarsform of the loading function ¢ which
takes the form (2L) of:

r{¢op = -2;%"—: (1 - e"‘z/’) - % ."‘2/? (27)

With the aid of the vanishing boundary conditions at infinity, ¢ and y can
be obtained explicitly. Bubstituting into the trensformed ver-iom of
Equations 18a and 18b, the transformed vertical anmd radial displacements
of the mediun are given by:

e - 5l (@) e o)
o m{-z ((2 + hz)l/"’]» 2 m[—: (fe + ka)lle (28)

e Caway s i inpon g e sheiongy, TN
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@ (6pn) - SE{ERLY
- 2(;2 + h2)1/2 ({9 + k#/e exp[—-z (',2 + kjl/elg (29)

M (£p) -(’az2 . sz - hf(gz ‘ ha)l/e (f : ka)l/z (3¢)

and the branch of squere root is chosen to yield a positive real part in
order to insure the vanishing displacement conditions &t infinity.

{(25 ) o {.z(f o 2]

Where

From Equations 28 and 29, similar transformed expressions for radial and
vertical velocities, stress and strain components cen be easily derived.
In particular, the most important quantity needed for detection of the
Type I1 waveform is the vertical component w of the particle velocity of
the medium, whose laplace-Hankel transfo;m can be written down readily as

p W(e,p,z).

Forml inversion is accomplished by the aid of Fquations 22b and 230,
The vertical perticle velocity of the medium then is given by:

z (ratsz) = ﬁll@ v(gpz) & 5 (4r) ap ar (1)

Complete solutions of this integral valid for all ststions {n the medium
require extremsly lengthy numericsl computations. The present investiga-
tion therefore is confined tc two regions of practicsl interest for which
the ratio £/r is either very small or very large. Because of the exiremal
values taken for this ratic, spproximstions based on physical srgument or
mthematical simplifications are esployed to cdtain sclutions which can be

computed pumerically.
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Solution for Shallow Depth of Staticn - Region I. z/r << 1

For stations faxr from the loading zone and near the surface, see

Figure 41, the major response of the medium is due to Reylelgn weves.

This has been discovered by Reyleigh and is well confirmed by seismological
experience. It has also been found (19) that if the transform approach
vere used (as the present snalysis did), the Rayleigh wave effect cen be
obtained from the transformed solution by utilizing only tke residues of
the inversion integrals &t certain poles (Rayleigh poles), ignoring branch
integrals which would occur in a complete eolution.

The Rayleigh poles of the trensformed vertical velocity, Equations 28 end
31, are the zeros of Equation 30, M(§,p) = O, which mey be eesily recognized
as Heyleigh's frequency equation of an elastic half-space. 7The location of
the poles are

p = 1cg/y (32a)

vhere
- 33 (520)

Toe contributions from these tvo poles can be cosputed with the eaid of
simple residue theory as

‘% (rot,2) =

&
3
b
g
¥
»
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vhere

F(y)= - Sz

'E

and Re indicates the real part of the quentity that follows.

With the substitution of Zquation 27, Equation 3% may be integrated iu

closed form as

- {a 3 1/2
M o eV - S0 2
. 7 Bt = - Im 'a— 2‘,!' - 1

16 n

T 7 T

L .5 (272 ) )(x%;l

2 *
- 27 b a _;-: 1§
2 2
Joa -7 J(‘;+ a)a - ([x * a]2 - 72)

ot 7
vhere
o reae P %)1/2 (i)
O = t+il (72 - 1)1/2 (3ic)
s & (34)
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27° ,
« = er {51‘6)
and
¢ = 2 (3b2)

Equation 3&a, the Reyleigh phesc of tbe verticr. velocity of the medium,
is plot.nl i1 Figures 45 “¢ "2 11 ¥* ich the ordinste is the nondimensional
vertical velocity and tuz abscisea is the nondimensional time . The
meanings of varioua perame’ers iun these drauvings are explained in Figures
Ll and k2.

Sclution for large Dep'h of Station - Region IX. z/r »s 1

For stations near the luading =one and deep underground, r, the radiel
distance, may be assumed to De zero in comparison with the depth, sez
Figure 42, The laplsce transform of the vertical displacement then may te
written as

; (O)p’Z) ‘I. w (O,t,Z) e'ptdt
o)

. J‘Q" V (§.3,2) ¢ ag (35)

according to Equations 2a and 23b with J_ (§r) evalusted at r = 0. Ist a
change of varisble

g = B o (36)

be introduced in Bquatiom 35. Substitution of Equations 27 and 28 yields
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A
w, (3va)
(370)
(37¢)
(374)

The first part of the integral related tc So’ hereafter denoted as L is
the difference of two divergent integrsala and thevefore is difficult to
obtain. To aveid this "1fficulty, thg -So terr will be rewritten in " 2rms
of a definite integral as

2 .
Py /e oy 2
l1-6 x -pBEx“ /e
8 - - . a3 (38)
o K, 2x c A

Substituting this integral in Equation 37a and noting the similarities of
the 80 and sl term, Equation 37a may be written as

124
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0 1l
-1 % \
= R SO./c: f {B,psz) dB + Sl f(al’p’zl'-! (39)
where
£ (B,psz) = I, -5
and o / [ , 2. L+ p 2] /
1/2 -plz ¢l x + = + P2x "} /¢
1 x(x2+ ;‘) (2 x2+ l)e 3 (
1 : 1 \1/2
(2 x2+ 1)2- b x 2(x2+ %) }?C:% 1)

- ; (x2+ 1)1/2 o2 “"2'_1' ﬂxa'] P

I, = ( ) L o (x2+ %)ﬂ(x2+ 1)175‘ ax {4ob)

Recalling that v is the Iaplace transform of the verticel displacement w
by Equation 22a, it is seen that the quantities I,, Ié, in Equations L4Oam,
and 40b, therefore, are the Iaplace transforme of some functiomn, say Kl
and l(2 such that

‘ {Il (psz4B)» i, (P:Z:ﬂ)] ..'/o-'[xl (ts2,8), KZ (t,z,B) G-w at (1)

It is therelore apparent that the determination of the vertical velizity ¥
hinges on th: determinstion of K, and K, of Equation kl. To this end let




in Equation kOm, which corresponds to

2 (4 - 3)
2rB+ 1+ Jhwlﬂ+1+?‘552
-

(b2c)

is a nundimensional time. It may be noted that the vform.of Equation 42h
is expressed in such a way that no ambiguity will arise when B = 0.
Purthermore, all square roots are chosen to be positive.

Substitution of Equations Lk2a, 42b and 42c into Equation 40a, with some
mathematical manipulation yields ‘the result.

2 11/2
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Comparing this expression with that of Equation 41, it can be seen that
1/2
2c(x2+ %)

z{(2 x2+ 1)27 Y x24x2+ 1 x2+ %}

e, 8)

[“*1‘“ 1+§—52+ Jlu—la+ 1.+§ﬁ2]

Kl (t,z,a)

(bk)

for 1> e

B

Kl (t,z,8) = ©

1

Tl<—€

vhere . and T, are defined in Bquatioms L2b and 42¢

for

Similarly, let

-:-Nx§+1+ax2] -t {45a)

in Equation 4Ob which leads to

5 1/2

e, - 1) : R
x = -' | (k5v)

2715*1*45115414"&52
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( ) hcxa
Ke tsz,B) = == . ‘
z [(2 x?+ 1)2- b of Yl 1Y ﬂ
1/2
(= )"
° (46)

h11p+1+ha2+ﬁ¢lﬁ+1+ka"’

for 1-1>1

Kz (t,l,p) = 0

for -rl<l

vhere x is defined in Equation L45b,

Referring beck to Equations 22a, 39, LOa, and 4Ob, it can be seen that the
vertical displacemsnt of the medium directly below the loading zone 1is

v (ot,8) = - 5-'3'&- 8, % [Kl (t,z,8) - K, (t,z.ﬂ)] apg
, [+} :

»+ 8, [‘1 (t"'al)-‘xe (t,z,al)]} (47)

vhere &L’ K, are defined in Equations kk and b6 respectively. The
- vertical velocity of the ssdium can de easily obtained by a direct
dilfferentiation, namely

i (otin) = & v (ostsn)

,\
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